
This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 
to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 
to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 
are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other marginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 
publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing this resource, we have taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 

We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain from automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attribution The Google "watermark" you see on each file is essential for informing people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liability can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 



at jhttp : //books . qooqle . com/ 



TG 



UC-NRLF 




SB Sb 5DE 



ELETON STRUCTURES 

.TLICABLE TO 

STEEL AND IEON BRIDGES. 






HENRICI, 



CJ 



I 



SKELETON STRUCTURES: 



ESPECIALLY 



IN THEIR APPLICATION TO THE BUILDING 



OP 



STEEL AND IKOJST BKIDGES. 



BY 



OLAUS HENRlCI, Ph.D. 



WITH FOLDING- PLATES AND DIAGRAMS. 



• ••»•••• • • 



••••- ••• *- 



NEW YORK: 
D. VAN NOSTEAND, 192 BBOADWAT. 

1867. 



\n/ 



\^\ 



/ r * - 



, V- 



••• -•-•• 



PREFACE. 



During the past year I received from a friend of mine 
in London some diagrams and descriptions of Sus- 
pended and Trussed Bridges, which were part of Mr. 
Edward Kochs's Patent for " Improvements in the 
Construction of Beams or Supports applicable to the 
building of Bridges, Viaducts, Roofs, Arches," etc. 

My friend asked me for my opinion, and desired me 
to examine the matter theoretically. 

These designs, as well as those of the remaining 
part of Mr. Kochs's Patent, agree all in one thing — 
viz., that all bracing bars which connect the top and 
bottom tend to two points ; or if one of these points 
is at an infinite distance, some are parallel. This 
geometrical design Mr. Kochs seems to have consid- 
ered very important, and has attached a significance 
to it which I think it does not deserve, and which an 
unprejudiced observation will confirm. 

Another point, however, which in the said descrip- 
tion was clearly expressed, showed that the construc- 
tion of Bridges, besides this geometrical arrangement, 
contained a decidedly novel thought, even although 
Mr. Kochs had not fully recognised its whole im- 
portance. 
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4 PREFACE. 

This induced me to look particularly into the 
matter, and the success has proved the truth of my 
supposition, and has shown that we can found upon 
this a new principle of construction, which possesses 
remarkable advantages : it is the principle which, 
under the name of Skeleton Structures, is more 
closely examined in this treatise. 

The calculations chiefly carried out for Suspended 
Bridges have shown particularly that bridges of this 
system, together with- complete rigidity, possess great 
lightness. Want of time prevented me from com- 
pleting similar' calculations for other structures. I 
hope, however, to have another opportunity to write 
on this subject, particularly if the present treatise 
meets with favor. 

By presenting these ' general examinations on 
Skeleton Structures, with particular application for 
Suspended Bridges, to the Engineers of Great Britain 
— who, at a time when theory in its application to 
Engineering was very little known, have shown what 
practical experience and experiments are able to do — 
I venture to express the hope that they will receive 
these theoretical results with, some confidence, even 
although an opportunity is wanting to compare them 
with practical results. 

0. H. 

Westminster, March, 1866. 



SKELETON STKUCTUKES. 



DESCRIPTION OF THE PRINCIPLE. 

The principle of what is here called " Skeleton Struc- 
tures," and by which these are distinguished from 
others, consists in the manner in which the separate 
parts of the structure are united into a whole. In all 
these plans the structures are composed of elementary 
bars, which are connected at their extremities by round 
bolts. Looking, for example, at the beam, Fig. 1, we 
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find that each line from connection-point (a, c, <?, etc.) to 
connection-point represents an independent bar, and 
at each end there is a screw bolt, which connects these 
bars. A glance at the accompanying tables will make 
this clea,?. No bar reaches farther than from one con- 
nection-point to the other, so that we never find any 
continuous beams in these structures. 

This mode of construction has different advantages ; 
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and some of these are of so peculiar a nature, that 
these structures will soon come into more general use. 
The principal advantages are : 

1. That each bar is exposed to tension, and compression 
only in the direction of its longitudinal axis, which is the 
most favorable condition possible. 

2. AU tensile arid compressive strains which the different 
bars are to resist, can be fixed by calculation with the utmost 
exactness, more so than in othAr structures. 

By this system the material can be disposed of in 
the most advantageous manner, and thus be reduced 
to a minimum. For in no part is it necessary to heap 
up unused material. 

3. The expenses for making, sending out, and re-erect- 
ing are far below those for plate, lattice, and tubular 
bridges. 

The separate parts consist of bars, steel or iron of 
suitable section; and- the necessary number of bars 
for resisting the respective strains is introduced* 
There are no heavy parts* in these structures ; very 
little scaffolding is wanted ; and all the parts can be 
finished in the factory, as no riveting is necessary for 
the re-erection. 

4. Hence it is dear, that such structures can be erected 
on a larger scale than hitherto. 

5. These structures are equally weU fitted for being made 
from steel as from iron, and better adapted for this metal 

' than other modes of construction. 

The last three advantages will be obvious to every 
engineer, without looking further into the matter. I 
think, however, on account of the importance and 
peculiar mode of connecting these structures, it 
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would be advisable to say something general about 
the saving of material, although I shall not give any 
figures about weights, until we examine the particular 
structures. I shall firstly call your attention to a 
beam A B (Fig 2), which is bent by certain forces 
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acting upon. it. We observe in different points of 
one section different strains. For example, in the 
section D y there is a layer of fibres at G, which is 
not exposed to any strain (the dotted lines indicate 
compression) ; because all points above are in com- 
pression^ and all points below are in tension, and 
indeed the forces increase "with the distance from the 
fibre G. 

Besides this, each fibre is exposed to different 
strains, as the top fibre, for example, is more in com- 
pression at the point (7, where the . beam is mostly 
bent, than at E ; and as the tension is greater at D 
than at F } the strains must alter from section to 
section. To ascertain, therefore, if a beam of this 
description has sufficient -strength,. we - must find the 
section of the greatest bending, and in this the fibre of 
greatest strain ; thus we find the weak point, which 
has to resist the greatest strain in the whole beam. 
Does this strain not exceed the amount which this 
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point can carry safely, we say the beam is strong 
enough. But it shows further, that a beam exposed 
to certain forces tending to bend it, uses only a small 
portion of its material to resist these forces, and the 
remaining material does not act in proportion to its 
mass. By introducing beams of the proper shape, we 
can, it is true, decrease the amount of material,* but 
we never can come up to a uniform distribution of 
forces in* all parts of the material. Thus, for example, 
in a common plate girder of double T section, the ma- 
terial in the place exerts in proportion to the flanges 
only one third of its strength (by the above reasons 
and the distance of material from the neutral fibre.)f 

On the contrary, if tension and compression act in 
a bar only in direction of its longitudinal axis, we find 
that not only each fibre in the whole length of the 
bar, but also all fibres of the same section, are exposed 
to a uniform strain. This shows, that material which 
is exposed simply to tension and compression, acts 
incomparably in a more favorable manner, than 
material which is exposed to bending forces ; and we 
therefore use less material in structures where the 
single members are exposed only to tension and com- 
pression. Nearly all beams act according to their 
relative strength, and we cannot prevent them being 
bent in their whole length ; and if we want to con- 
struct a girder exposed only to tension and compres- 
sion, we musffceek for a design, in which tile separate 

* By these reasons girders are made in top and bottom considerably ' 
stronger (single and double T shaped), and the material is increased in 
the most deflected section. 

t Laissle & Schubler, Bau der Bruckentrager — Stuttgart, 1857. 
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parts are not liable to be bent. To make, therefore, 
a girder in such a way, that a deflection in the whole 
span is possible, we must connect its single parts by 
a joint ; but in doing so, we must take care not to 
affect its rigidity. I believe that the above described 
method of constructing girders of elementary bars 
will prove to be the only one which fulfils these con- 
ditions. This shows, that in a girder of this descrip- 
tion the nature of the connection renders it possible 
to distribute the material exactly according to the 
strain ; and the only question is, if we are in a posi- 
tion to distribute the material so, that in no point is 
there more than what is necessary. To do this, we 
must firstly .be able to ascertain the exact strain 
which acts in each single bar. I mentioned already 
that one of the great advantages ^of these structures 
is, that the different strains could be ascertained by 
calculation with the greatest exactness ; and it will be 
my principal duty to show afterwards to every one, 
though he be no mathematician, that this assertion is 
true. 

Having ascertained the strains in each bar, it is very 
easy to make the sections of the bars suitable to the 
strain, and thus to construct girders of equal strength 
in each section. By the above statements, if we 
select a suitable arrangement of the bars, it follows 
that very little material is required ; and we shall 
see afterwards by the figures, that the weights of these 
girders are far below those of any other — except, of 
course, chain and wire-rope bridges, which have not 
sufficient rigidity. But in comparison with these, the 
girders in question have the advantage, if the bars 
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are properly arranged, of being completely rigid in 
themselves. 

After having pointed out the very important ad- 
vantages of these skeleton structures, it is necessary to 
examine their disadvantages, and especially to answer 
the question — are these structures in reality sufficiently 
rigid? This depends, firstly, on the geometrical 
design, which will be discussed immediately ; and 
further, on the. mode of connection itself, against 
which, most likely, the chief objections will be made. 

ON RIDIGITY OF SKELETON STRUCTURES. 

For a girder of this construction to have a perfectly 
fixed position, it is necessary that each connection- 
point be fixed absolutely by its meeting bars, and that 
no part of the structure can move while another keeps 
its position. A moving in this way, for example, is 
possible, when in the beam Pig. 3 the bar b c is 

omitted. The part to 

* g iS ' J Jt i ^ e ^S^t can ^ en 

turn round g, even 
although the part to 
the left keeps its 
position.; but when 
the bar b c is replaced, this turning is impossible. 
Were we to leave out one of the* inclined bars, 
such as g c, no such turning would result, but the 
parallelogram b g h c can move in its four cor- 
ners. If, however, g c is replaced, this is not pos- 
sible. 'If we fully consider these relations in the 
most simple geometrical figures, we find that a tri- 
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angle, which is composed of three bars, connected at 
their extremities by screw bolts, is a completely fixed 
structure, of which no part can alter its relative 
position. 

In a four-, five-, or six-sided figure this is not the 
case. Supposing in a four-sided figure, abed (Fig. 
4) the corner a is fixed and b likewise — c and d are 
still moveable — but as soon as we 
fix a and c the figure is com- 
pletely determined. To fix, there- 
fore, the position and figure of a 
four-sided figure, we are obliged 
to place two opposite corners in 
a relatively unchangeable posi- 
tion. If these points are not determined by the other 
part of the structure,the simplest mode of fixing same 
is to introduce a diagonal bar a c. By introducing, 
after this, the second diagonal b d, we have one bar 
more than is necessary for determining the figure ; but 
although the second bar gives more rigidity, it has a 
disadvantage sufficient to remove all superfluous bars. 
For if a superfluous bar has not the exact length, which 
it ought to have according to geometrical design, it pro- 
duces in the whole structure an additional strain, which 
destroys all the advantages of its additional rigidity. 
If we introduce, for example, in a rectangular figure" 
one -diagonal, which is rather longer or shorter than it 
ought to be, the figure will only assume a slightly 
different shape, but will not alter the strain in any of 
the bars. But if we introduce a second diagonal, it 
is clear that its length must be mathematically accu- 
rate, because the- figure has been already determined. 
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If it is a little longer or shorter, it occasions immedi- 
ately in all the bars a certain tension or compression, 
which will increase with the inaccuracy of the diagonal. 
Such additional strains will be produced in every 
structure which contains superfluous bars. 

To give an idea of the additional strains caused by 
the inaccurate length of the bars, we will look at a 
parallelogram abed (Fig. 6) in which the diagonal 

a c is of such a length as 
to cause a b c d to be a 
rectangular figure, and we 
are to introduce a second 
diagonal, which is by t^ 
part of its length too long. 
The question is now, what is the additional strain 
caused by this inaccuracy in the length of the bar. 
It will be found by the afterwards following calculation 
that the two diagonals are exposed to equal pressure, 
whilst the sides are exposed to tension. The com- 
pression in the diagonal is 

hEql, 




where E represents the modulus of elasticity, r = the 
length of bar, q = the section in square inches, and 
p » the additional length of the bar. By taking for 
steel* E -= 29 millions of lbs. = 12,900 tons, and 

— = t*W> foe pressure S in the whole section of the 

diagonals will be = 6'45 q tons and 

- = 645 tons per \~Y 
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Taking £ -= t^ you will find 

g 

- = 0*65 tons. 

By making a diagonal bar of ten feet in length only- 
TV of an inch too long (fa" at each end), it causes an 
additional compression in each of the two diagonals 

= £ 12900 . 1 . tW* tons. 
= 8'36 tons per Q " section. 

If this bar is fa" too short, it causes an additional 
tension of 

3-36 tons per Q' 

and this additional material can be saved, if no super- 
fluous bars were used in the construction. 

This example also shows clearly that in any struc- 
ture, if there are more bars than necessary to deter- 
mine the figure, they are not only superfluous, but 
injurious and danj^ous, because, not knowing the 
exact amount of ^erfbr in each, it is not possible to 
ascertain the e0act strain by calculation. 

In the skeleton structures we find exactly as many 
bars as are necessary to make the structure rigid, and 
where, for particular reasons, it is advisable to intro- 
duce superfluous bars, it will be found that the strain 
caused by the supposed fault in the length of these 
bars is distributed uniformly through the whole struc- 
ture, and is therefore in each bar very trifling. 

A structure of this kind, by having the necessary 
number of bars, has the advantage of forming one 
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single rigid body, the position of which is completely 
fixed, as soon as three points of it, which are not lying 
in one straight line, are determined. If the structure 
is to remain in one plane, which is the case in a com- 
mon girder, two' points will answer this requirement. 



VALUE OP CONNECTING BY BOUTS. 

The preceding reasonings are only correct on the 
supposition that there is a perfect connection between 
the single bars. If the bolts of the connection-points 
do not quite fill the holes, the points cease to be com- 
pletely fixed, and allow minute displacings. If there 
be play only in one of its holes, a triangle also can no 
longer be regarded as a rigid body, and much less cau 
a larger structure, being a combination of many mem- 
bers. It is, therefore, an essential condition for the 
permanent strength and solidity of the whole, that 
the bolts as well as the holes fit exactly ; and more 
care can be bestowed on this point, as this is the only 
work needed 4o finish the bars. 
**9 m ff But besides, afterwards, no wearing 

either of bolts or Aolee ought to 
occur. This is the objection which, 
I have already intimated, would be 
the most formidable that could be 
made against these structures. 

We will therefore endeavor to 
discover the means in our power 
for the practical reduction of this 
wear. Let A be the head of a bar, 
B the bolt ; the bar is exposed to a 
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tensile strain, which will be transmitted to the* bolt, 
where it presses against the bar. Through this the 
bar-head will be subjected to a compression, which 
in amount is exactly equal to the tensile strain in 
section C D. This force will be distributed over the 
whole touching-surface, and if the bolt fits well, 
will extend, but not uniformly, from a to b and c. 
We will try to ascertain the proportion of this 
pressure by the following means. A body B (Fig. 7), 





Wig-. 7, 




A i 


^PJ 






{ i ! 
* 1 


tiii \ 
■ j i i 




tt 


i! 

i ■ 


I H 


c 


O 




! ' ' 1 


D 



of a semicircular 
ABC supports the piece 
A, the concave surface of 
which fits it exactly. The 
pressure is then distributed 
in such a manner that the 
section C D is exposed to 
nearly a uniform coinpres- 
sion. If we therefore divide G D into equal parts, 
each sectional part marked off by such divisions will 
be exposed to an equal pressure, and this will also be 
transmitted at the respective pieces of the arch a b c 
to the body A. These arch-pieces will become larger 
towards the points a and c, and will be smallest at 
b. As the pressure is distributed over the whole 
touching-surface of each section, the pressure per unit 
will be largest where the surface is smallest. This is 
the case at b, and if we take a strake, sufficiently 
small, its arch will be equal to the corresponding part 
of the line CM), therefore the pressure per square inch 
will here be exactly as strong as on the line CD ; that is, 
the greatest pressure is at &, and is here of the same 
amount per square inch as at the line C D, or in the 
section a c. 
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Applying this to the bolt, which although not 
exactly, is sufficiently correct, we find that the total 
pressure 8 for the section a B c (Pig. 6) is exactly- 
equal to the strain in the section C D. By calculating 
accordingly the pressure, which acts upon one square 
inch of the section a B c, we find, as above mentioned, 
that it is equal to the pressure per | \ " at b ; i. e., equal 
to the greatest pressure which acts at the touching- 
surface of bolt and hole. 

Now I remind you of the following rule of expe- 
rience. When a solid body is exposed to a pressure, 
the material will be exposed to a certain compression, 
and the greater the pressure the greater the com- 
pression. As long as this pressure does not exceed a 
certain amount, viz., the limit of elasticity in the 
material, the body will, by virtue of its elastic power, 
return to its original shape as soon as the pressure 
ceases to act. But if the pressure exceeds the limit 
of elasticity, the body will permanently alter its 
shape. In all cases, therefore, it is necessary to 
remain under the limit of elasticity, as only then is 
there sufficient security for the permanent strength of 
the structure. If the bolts, however, by the pressure 
alone, are not to suffer any permanent alteration in 
form, it is necessary that the pressure on the touching- 
points should in no case exceed the admissible strain 
of the material. The same can be said of the hole in 
the bar-head. Is the pressure in no point stronger 
than is admissible, no enlargement of the hole can 
ever be caused by the pressure. 

Now we have found that the greatest pressure is at 
b (Fig. 6), and that this is as great per [H" as at the 
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section a c. Supposing that the pressure at b is equal 
to the tension in the bar, it follows that the section 
a c must be equal to the area of the bar. For in this 
case the pressure per Q" at CD is equal to that in 
the section a B c, and therefore equal to that at b. If 
the pressure, however, at b be less, the area a c must 
be larger. This section, a c, represents the longi- 
tudinal section of the bolt B (its length being equal 
to the thickness of the bar), and the area is therefore 
= dp, when d is the diameter of the bolt, and p the 
thickness of the bar-head. If q represents the section 
D, then: 

dp=or > q. 

To make d p according to this sufficiently strong, 
• we can either take thicker bolts, or enlarge the thick- 
ness of the bar-head. If we take, for example, a flat 
bar of 5" x \" section ; and if the bolt is to be suffi- 
ciently strong for shearing, it ought to have a section 
about equal to that of the bar. The bolt will there- 
fore require a diameter : 

eZ = l-78in. 

To keep besides this the pressure at the touching- 
surface at b below the limit of elasticity, the thickness 
of the head ought to be at least 1*5, because : 

#d= 2-498, . 
whilst: . gr = 2 # 5 

making pd = q. 

It will, however, be more advisable to make the 
diameter d of the bolt stronger, for a thickness of 
14" in the head on a 4" bar is objectionable. 
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By making the head 1" thick, the bolt would require, . 
at least, a diameter of 

in order to prevent any permanent changes at the 
touching-surface. 

Besides the above described enlargements of the 
holes, a wearing away would also be produced, when 
the deflection of the girder causes a slight turning of 
the bars round the bolts, which gives rise to some 
friction. Even although this turning of a bar round 
a bolt is a very slight one, the pressure can be, under 
circumstances, very considerable ; and a movement 
will be caused by each passing load. The wearing out 
is certainly very, small indeed, as long as the bolts fit 
exactly. To reduce, therefore, this friction to a mini- 
mum, we need only harden the bolts, as well as the 
surface of the holes. By this hardening, the power of 
" resistance against pressure" is at the same time greatly 
increased. 

That, therefore, the connection between the bolts 
and bars may afford sufficient strength and permanent 
solidity, we are obliged to make the thickness of bolt 
and bar-head according to these rules. 

If further, these bolts fit exactly, and are superfi- 
cially hardened, there is no reason whatever for this 
connection wearing more or not having the same 
duration as any other. 

The above discussed points might have found but 
too little consideration hitherto. 
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THEORETICAL CALCULATION OP THE STRAINS. 

I will now proceed to explain the theoretical prin- 
ciples, by which we are enabled with the expense of 
time, but without especial mathematical assistance, to 
ascertain exactly all the strains which act in the single 
bars of the structure. I shall take particular care to 
present the matter in such a form, that any one who 
is acquainted with only the first elements of mathe- 
matics, will understand it, or at lea$twiU be convinced 
that the forces can be determined exactly by calcula- 
tion. As all the results, which are afterwards arrived 
at, are found by means of calculation, the reader 
will only then acknowledge the value of the con- 
struction when he is convinced of the correctness of 
the theory. 

These inquiries must naturally be based upon rules 
taken from emperimce. Having thus gained a good 
basis for the application of the ever-true rules of 
mathematics, we will find that the results obtained by 
the aid of mathematical formulae must give the same 
correctness as the basis. 

Experience teaches us, if a bar be exposed to a 
tensile strain in the direction of its longitudinal axis, 
it will be slightly prolonged. At the same time the 
elasticity of the rod comes into action and causes a 
strain, which acts contrary to the exterior tensile force, 
and thus produces equilibrium. The exterior tensile 
force serves us as measure for this strain. In this 
action, however, the strain in the rod is directly op- 
posed to the tensile force, and tends to stop the 
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prolongation. This action takes place as soon as we 
decrease the tensile force, or remove it entirely ; the 
strain within the rod will immediately contract it, and 
reduce it to its original length. This, however, is 
found by experience to be true only so far as the 
prolongation does not exceed a certain amount ; i. e., 
as long as the tensile force keeps below the limit of 



Thus we find the tensile force for steel at its 
limit of elasticity = 15*6 tons pier Q in., which causes 
a prolongation of ■&* of the original length ; for 
iron, these figures are 83 tons strain, and tA^ pro- 
longation. 

Does the force exceed this limit, the rod will be 
liable to a permanent prolongation, and this force will 
destroy a steel bar, if it amounts to 50*4 tons, and an 
iron bar, if it amounts to 22*9 tons per in. Q . 

For practical purposes we must always keep below 
the limit of elasticity, and the farther, the less homo- 
geneous the material is. Thus we generally take as 
the admissible strain for iron 4 — 6 tons per square inch, 
and for steel 8 — 12*5 tons, according to the nature of 
the structure and the material applied. This number 
will also be found by Experience. The above figures 
apply to ordinary steel — for cast steel the limit of 
elasticity is higher, and as this material is even more 
homogeneous, the admissible strain can be taken very 
near to the limit of elasticity. 

These figures, taken from experience, show that 
the prolongation of a bar at the highest admissible 
strain is, in proportion to its original length, very 
small. If, for instance, a load of 12 tons per Q in. 
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is applied to steel, its prolongation will be = 0'0009 ; 
i. e. = rfa of its length, and for iron it will be found 
to be far less. 

We must now find the relation between the pro- 
longation and the strain ; for when we have expressed 
this by a mathematical formula, we can calculate the 
one if we know the other. By direct trials it is ascer- 
tained that the prolongation of a rod increases pro- 
portionally to the tensile force and to its length, and 
decreases proportionally to its sectional area. Thus, if 
a load of 5 tons causes in a rod of 1 Q] in. section and 
1 foot length a prolongation p; a load of 10 tons will 
cause in the same rod a prolongation 2 p. The same 
will take place when a load of 5 tons is applied to a 
rod of 1 Q in. section and 2 feet length ; whilst a rod 
of 2 Q in. section and 1 foot length at 5 tons load 
extends only i p. 

Practically, we can consider tins law perfectly cor- 
rect for all structures, and we have thus a basis for 
further reasoning. This expressed by formulae will be, 
if r is the length of a bar, q the section, and P a load 
which causes a prolongation p : 

Pr 
P-l? • * ' (1) 

where E, generally called modulus of elasticity, is a 
quantity, which depends on the nature of the material, 
and is determined by experiment. The quantity of this 
modulus is always latge. For steel it is = 29,000,000 
lbs. per Q in. ; so that p, according to formula (1), 
becomes, in reality, very small. By applying a com- 
pressive instead of a tensile force, we have, instead of 
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prolongation, a shortening ; and instead of the strain, 
which tends to contract the rod to its original length, 
we have a pressure in a contrary direction. 

As now the interior and exterior tensile and com- 
pressive forces, as likewise the prolongation and short- 
ening, are contrary to each other, we will use the 
same symbols, but with reverse signs. Therefore — P 
is a compressive force, — 8 the corresponding pressure 
within the rod, and — p the shortening. 

We know from experience that we can use for com- 
pression the same rule as for tension. It is : 

_ Pr 

or if on each side the signs are changed : 

Pr 

9-Wq 

For most of the materials however the limit within 
which the formulae are right is different for tension 
and compression ; but as we in practice always keep 
within these limits, we can consider formula (1) to be 
for general use quite exact. 

In the formula, P represents the exterior compres- 
sive force, and as this one is equal to the tension 
acting in the bar, we may substitute for P the tension 
8, and thus get : 

Sr 

t-TTt • • • (2) 

which makes : 



*-*£f. . ., ( 3 ) 
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So that, as soon as we know the prolongation, we can 
calculate the strain, which will be tension if p i6 posi- 
tive, and compression if p is negative. 

By the aid of these formulae (2) and (3), we are able 
to solve a number of problems, as I shall show when 
I have explained their general character. These prob- 
lems are all contained in the principal one — to calcu- 
late the forces which act in any system of bars, bolted 
together as previously described. I consider here 
only such systems as he in one plane, which most 
girders do. 

If a force act upon a material point, it will cause 
this to move, if no other" forces act in a contrary 
direction.* Should, therefore, a point * exposed to 
several forces remain at rest, the resulting force (that 
is, the force composed of all the other forces, according 
to the " parallelogram of forces") should disappear, 
for otherwise this resultant would put the point in 
motion. 

On a connection-point act, firstly, the strains of the 
different bars, which run together here, and most 
likely also an exterior load which rests on the bolt. 
The strains in the bars assume therefore such values, 
that the resulting force at each connection-point will 
disappear. 

Should this not be the case, the resulting force will 
move the bolt in its direction. . By this the length, 
and, according to the previous example, also the 
strains of all bars become slightly altered, and there- 



* The elasticity of material may also be called such a force. 
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fore the displacings will continue so long as the points 
rest in equilibrium. 

Into such a position each point of a structure will 
enter, and will remain there as long as the exterior 
forces continue to act. 

We are now to determine the strains in a structure 
which is in equilibrium. To make it clearer we will 
look at a bridge-girder. The acting (or rolling) load 
will cause the girder to deflect, and therefore all the 
connection-points become displaced. These displacings 
expand and contract the different bars, and cause such 
strains as mutually preserve equilibrium. To deter- 
mine these strains we will use the above rule, which 
may be explained as follows : 

In each structure composed in the above way the result- 
ing force of the strains in the bars and the exterior forces 
will in each connection-point be = 0. 

This rule expressed by mathematics gives for each 
structure always exactly so many equations as are 
necessary for 'the determination of all the strains. 
And these equations being of the first degree will not 
cause any difficulty in their solution except by their 
number. 

Before proceeding with the calculation of simple 
examples, I will you remind that the already men- 
tioned displacings of the connexion-points are always 
very trifling. As a small alteration in the length of 
a bar is sufficient to cause a great strain, small dis- 
placings will also suffice to produce such strains as are 
requisite to preserve equilibrium under the acting load. 
By no means must these displacings assume so great 
a value that the prolongation of a bar would cause a 
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greater strain than the material employed would 
allow. 

To express the above rule in formula we will adopt 
a different mode of resolving the strains than is gen- 
erally done in the parallelogram of forces. By this 
mode, as soon as we know all the forces in direction 
and magnitude, we are able to represent any number 
of forces acting upon a point by a single force. It 
enables us further to resolve any force into two given 
directions, and to ascertain the amount of these two 
forces ; so that if, besides a number of known forces, 
also two unknown ones of given direction are acting 
in one point, we are able to arrange these two forces 
in such a manner that the resulting force of all dis- 
appears. If more than two forces be unknown, the 
. parallelogram of * forces is insufficient, and we are 
obliged to use calculation. 

If several forces are acting upon one point, we are 
able to divide each of them into two of given direction. 
Let, for example, in Fig. 8, A represent in length 
and direction a force 
acting upon ; we are 
able to resolve this one 
into two, perpendicular 
to each other, X and 
Y, and thus we call 
the corresponding forces 
C and B the com- 
ponent forces, which can be ascertained after the direc- 
tion of X and Fis fixed. 

Because a C A is rectangular, we find : 

ij* - jp + 7* 



r 


Fig. 8. 


B 


0/ P 
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y 


s-^i : 




v^njr ,' ! t 


o 


w C « 
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and secondly, that the proportion of U and Fto R is 
determined, as soon as the direction of R to C is 
known. Taking now in the line A, which repre- 
sents the direction of the force R, any point P, and 
drawing lines from it vertical to X and Y, viz. : 
P #ahdP Q', we find: 



and therefore 



or : 



and likewise 



A CA<~> QP, 
*0B A& Q' P, 

00: OA-OQ: OP 
U:R=0 Q:0P, 





V 


: i?» Q' :OP. 


By this it follows that 


• 




U ° °< R 






V-. 0( t.R 
OP 


or : 




U= R cos </>,♦ 
V= R sin <t>, 


because 




Q l 
-q^ = cos * 


and 




Q> ■ ^ 
. L = sin </>. 



OP 
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We see by this that we- always are able to ascertain 
ETand V as soon as the amount and direction of R 
towards JTand Zare given. 

Taking a point upon which any number of forces 
are acting, we may draw two lines (axes) vertical to 
each other through this point, and can thus resolve 
each force (JR) into its component forces (J7and V). 
Thus we get, iostead of forces of various directions, 
forces in the direction of their verticle axes ; which, 
like all forces of the same direction, can be added or 
subtracted according to their positive or negative 
"value. After having done this, we have in each axis 
only one force, and by combining these we find the 
resulting force of the whole system. This resulting 
force must be in each cmnexion-point = 0. Supposing 
the two last component forces are U' and V we have, 
according to our formula, for the resulting force R 

R % =U' % +V* 

and we see by this, that if It' shall disappear, JJi and V 
must be ~ ; because the sum of two positive figures 
(like U'* and V'*), can only disappear if both numbers 
by themselves become nought. 
A glance at Pig. 9 will show 

this plainly, the diagonal J?' in . ?i-JL-^ 

the rectangle can only be equal ^^ 

nought, if both sides U and P ^ J^^ 

disappear. This leads us to the L-"""^ 

conclusion : xr ' 

Thai in each cormeooion-point both components of the 
resulting force (considered in reference to any ttoo vertical 
asses) must disappear. 
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Thus we get from the one condition, that the result- 
ing force must disappear, two conditions, and there- 
fore two equations, between the strains. 



EXAMPLE& 



Tig. 10. 



In the structure Pig. 10, A C 
and B C represent bars, which are 
connected at A and B by bolts to 
a wall piece, and at C by bolt to 
each other. A weight P acts on 
the bolt C, and we want to as- 
certain the strain in the two bars. 
Firstly We have to apply two 
rectangular axes through 0, and because A C is 
horizontal, and C P vertical, we take these directions 
as the axes. The strain in the bar B V we call S> and 
the one in A (7, T. If 8 is resolved according to the 
axes, into its components, we find 




in the direction of X : 8 



GT.8 



AC 
B 0' 

AB 
BO 



The two other forces act in the direction of the axes ; 
hence we get 



in the direction of C X : 8 

CT:8 



AB 
BG 

, AB 
B 






where P is subtracted, because it acts contrary to the 
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strain S. Both components must disappear, we have 
therefore : 



s 



BO 

AB 
BO 



P = 0. 



From these equations we see that 

* AB r > 

1 AB r > 

which shows, that in the bar B G there is tension, and 
in A C compression, because Tis negative. 
• In this example we had only one connection-peint ; 
we shall take, therefore, a more complicated example 
by joining more bars to those, and thus we get a 
structure like the one pre- 
sented in Fig. 11, of which <j$p 
we shall proceed to calculate 
the strains. We will call; 
here the connection-points 0, '% 
1, 2, 3, &c, and the barsgtU- 
will be represented by two 
figures (01), (12), &c. ; the 
lengths of the bars we call r with the respective figures, 
r 13 , &c, and the strains likewise, $ l3 , &c. We take 
now 

r 0l — r lt = a, 

3 

*\ 4 -ja, 
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and find further : 

(r 18 ) f = a , + a f _2a i f 



1 7 -. 

.1 



-IB* 1 ' 



25 . 



therefore 





"16 


a", 


»•„ 


= 


V2, 


»*,4 


= a 


V17 
4' 


»"i4 


5 
4 


a. 



By this all bars are determined in length and posi- 
tion, and we can proceed to resolve the forces. For 
axes we always take one horizontal and one vertical 
line, and because we have three free connection-points, 
1, 2, and 4, we can form six equations, by which we 
are able to ascertain all the six strains at once. For 
point 2 we have the same equations as in the previous 
example, by introducing S tA instead of S; and S lg in- 
stead of J 7 ; as likewise r 14 , r lf , and r t4 instead of 
A B y AC, and B G ; and we get 

8 = ^u P 

14 

S = - ^ P • 

# 14 
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or by introducing the values of r: 

14 3 f ' • 

S = - -P . 
Looking at point 4, we get : 

8 tA resolved into s • — and #«* • — > 

** ^84 r T 

' 24 ' f 4 

.q ic if .c *\>i a a r oa "~ r i4 

34 34 * Z 3 * * Z 

'34 '34 

S» « « " S lt . 

By adding these, we get 2 equations : 

S ^ - S ^i = 

* 4 —- AJ 84 ~ V, 

. ^4 ^34 

S ?±± - S r ° 3 ~~ r « 4 + # = 

^34 ^34 I ^14 V « 

* «4 '34 

The first equation will give 



3 * ~~ n — • zr^ • «* » 

^01 r «4 




or because 




S„ = | P, and ^i . *is = 


V17 
T' 


tf - V ~^P 




From the other equation follows 




& - - -P . 
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We have still to ascertain the strains S 01 and S lt} 
which we are able to do by the equations of point (1), 
after having altered them in the same way : 

& 4. !j>i # - # — 
r » 

tf 14 + ^.#„ = P X , 

By which, in connection with the above equations, we 
find 

4,-1/2^-1^2. P.. 
8 — - P - — P 

It will be clearly understood how these calculations 
are carried on. Taking a structure like that in Fig. 12 

the calculations are 
JTiff.12. done in the same 

way ; one strain is 
calculated after the 
other without diffi- 
culty. 

I will mention 
here at once, that 
the same calcula- 
tion can be used 
for a trussed struc- 
ture, as in Fig. 13 ; 
the structure is ex- 
actly the reverse of 
Fig. 12, and it is 
not necessary to alter the formulae ; for as all the Ps 
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act here in the contrary direction, all the signs will 
be reversed. All the strains, therefore, will be the 
reverse of those in Fig. 12 ; where there was tension 
in a bar there is now compression ; and where there 
was compression, tension. 



In these examples, we had always exactly as many 
bars in the structure as was necessary to give it 
rigidity, and nowhere had we any superfluous bars. 
(See page 12.) In all cases where this is fulfilled it is 
possible to ascertain the strains in the single bars by 
the mode above described. 

As we have shown that the strains can be calculated 
very exactly (and the sections of the bars made 
accordingly), we have proved one of the former asser- 
tions, viz., that each bar can be made exactly as strong 
as necessary ; and thus we obtain a structure which 
under a certain load shows in all parts the same strain 
per square inch. K 

In all structures in which we find superfluous bars, 
or in all those in which more points are fixed than is 
necessary to fix the structure, we are obliged to ascer- 
tain the various strains in a different way. 

In all structures without superfluous bars we have, 
as shown above, exactly as many equations as there 
are bars ; or, by including the fixed points of con- 
nexion, and by adding the pressure of the abutments, 
we obtain exactly as many equations as there are 
strains to be calculated. 

The number of equations depends on the number 

3 
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of connection-points ; each one gives two equations, 
and this number is not changed by the omission or 
introduction of some bars (though the omission would 
affect the rigidity of the structure). Further, as we 
are able to calculate the same number of strains as we 
have equations, we would want for each superfluous 
bar one equation. I shall show hereafter that the 
above number of equations is still sufficient to deter- 
mine all the strains. 

In the beginning of this part I mentioned that 
each girder deflects under any load, and that each con- 
nection-point would be displaced, but that these dis- 
placings would be very trifling. Now we are able to 
resolve these displacings in the same way as has been 
done above with the forces, into two displacings per- 
pendicular to each other. Has any displacing of this 
FtoLid kind caused the point (Pig. 14) to 

go to A, displacings can be present- 
ed by B and B A, or by B and 
G ; because C = B A, which 
represent the displacing in the same 
way as the components above represented the force. 
If therefore the two component displacings are known, 
we know also the actual displacing in magnitude and 
direction. 

Having ascertained the displacing at each end of 
each bar, i. e. the displacing of two connection-points, 
we know also the exact length of the bar in this state ; 
and by deducting the original length we get a small 
piece p, which is the prolongation of the bar. 

As soon as, therefore, we know the displacing of all the 
connection-points we know the prolongations of all the 
bars ; and I mentioned at the beginning, that the strain 
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in any bar could be ascertained by the amount of the pro- 
longation. The equation was : 

8-£UL. 
r 

This shows that we are able to calculate all strains 
as soon as the displacings of all connection-points are 
known. We have, therefore, now to ascertain the 
displacings of these points, and will look for this pur- 
pose to Pig. 15. Let i and h represent two of these 
points, which are connected by a bar (i k). After the 
structure is loaded, we assume this bar has moved from 
' the position (i h) to (i'fc), and ii' and Jckf are accord- 
ingly the displacings of the connection-points. Let 
X and Y be the axes, horizontal and vertical, 
then i a and i'a are the projections of the displacing 
ii' in the direction of these axes. Let 

i'a ^= u iy i q, = v i9 
and let the displacings of point k, viz., ted and k d r 
be respectively =^ and v k . If, further, r represent 



JHg. IS 
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the length i Jc and i* that one of i' Jd ; then is, 

r' — r = p f 

t. e. the prolongation of the bar at this displacing ; 
therefore 

r' = r + p. 

Let us put 

t J = /? , Jc b = a , 

i' e = ft', Jcf e = a", 

then is : 

r'« a' + /?*, (/-)• - (a-)' + (P')' ? 

further, as the figure shows clearly, 

a' = eJcf = cJ<f — a i' = b k + d Jcf — a i' ) 
or taking the above notations, 

of = a + the — w< ; 

likewise 

i /?' = /? + tfc-t><. 

Now we had 

(•)' = (*)" + (/?')' 

and by putting r + p instead of r', and by introducing 
instead of a' and /J 7 their values, we find : 

(r + p) f * (a + Uu + u { y + (fi + v k - Vi) 9 

or, solved : 

r f + 2 r p + p* « a 1 + 2 a (^ - «<) + (% — utf 

+ p* + 2p(v k + v<) + (v k - v % ) 2 . 

And because r 2 = a* + /3 9 , 
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we get by subtraction : 

2 r p + p* = 2 a (u k — Ui) + 2 (3 (v k — v<) 

+ (fh — ^)* + (v fc - i><)* ... (4) 

Now we have shown before, that p is always a very 
small fraction ; therefore p 2 is remarkably small, and 
even in comparison with p itself, so small, that we 
may omit it altogether. The same may be done with 
the square of v* — u t and with v k — v { . By this omis- 
sion it follows from the above equations : 

2 r p = 2 a (^ - u { ) + 2 /? {v k - v { ) j 
and this divided by 2 r, 

p — g ( t ^-" tl *) + P(v*-Vi) # _ # (5) 

As now 

*=^ (3) 

we get 

i-jgg «(%-*) + £ fa -g) , . . (6) 

According to this a strain is expressed by the 
displacings in the extremities of the bars ; the dis- 
placings themselves are, however, still unknown. 
But we have gained one advantage ; we have deter- 
mined more than 2n strains by 2n unknown values, 
where n is the number of connection-points. We have 
seen before, that each connection-point gives two 
equations for the strains, and we thus get 2n equa- 
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tions. By introducing, therefore, in these equations 
the amount of strain expressed by the displacings, we 
get from these 2ra displacings the same number of 
equations, in which no other unknown values are 
present. These equations are also for the displacings 
of the first degree, and thus completely sufficient to 
determine same. Formula (3) gives then the strains. 
The equations between the strains ($) were deter- 
mined by resolving all the forces at one connection- 
point into its two components, and by causing the sum 
of all the components to disappear along each one of 
the axes. By introducing the same axes as in Fig. 
15, the components of the strains will be 

fl^andtf£ 
r r' 

or expressed by these displacings 

8 a - Eg a a fa ~ ^ + & fa ~~ ^ 
r r\ 

# ft _ jgy Q R a fa ~" ^ + & fa ~ ^ 

By finding these values for each connection-point, 
and by causing the sum of all components along the 
same axis to disappear, we find the equations, which 
in all cases are sufficient to ascertain the displacings 
of all points. 

Thus it is possible by the solution of a system of 1st 
degree equations to calculate also these strains. 

By this calculation we find with the same exactness 
the deflection of a girder, because the vertical displac- 
ing of a point is always its deflection. 



SKELETON STRUCTURES. 39 

The exactness in such a calculation of the strains is 
remarkable. We got before 

2 r p + p 2 = 2 a (v* — n*) + 2 /3 (v fc — w f ) 
+ (^-^) 2 + (tfc-*) 1 ... (4) 

and in this we omitted : 

p 2 ; (ujc - ^) 2 and (t>» - v % ) 2 

by making them equal nought. This is, however, 
not absolutely correct, and we commit an error, which 
is, however, so small, that it does not affect the result. 
This is shown, for example, in steel, in which, under a 
strain of twelve tons per Q inch p is always smaller 
or equal to 0'0009.r — it can never be more, and will 
seldom reach this value. For iron, p will be found to 
be smaller in proportion to its admissible strain. 

It is not difficult to ascertain the exact amount of 
this error, because we have in 2 r p + p 2 neglected 
the small value of p 2 and put instead of the above 
value only 2 r p. This divided by 2 r gives. 

As we have just shown £- can in the highest value only 

r 

he equal 0*0009, which makes p ( 1 + JL] = 100045 p. 

By putting for this value simple p, we neglect 

9 



20000 
heing not even. *At part of p 



f 
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Equally insignificant are {u* — m*) and (v k — v t ) 
and considering we are neglecting in equation (4) on 
each side a positive value of nearly the same amount, 
the fault gets so trifling that it can hardly be called 
an error at all. If we take into account these small 
quantities, the calculation becomes remarkably more 
difficult, whilst the result would be at last exactly the 
same ; as the greater exactness would only affect the 
decimals, which are never used in practice. 

example. 

- It will be seen 
at once, that in a 
structure like Fig. 
16 we have super- 
fluous bars, because 
four points are fixed 
and two points are 
sufficient to determine the position of the structure ; 
and further we get only four equations for the two 
points (1) and (l 1 ), by the aid of which we have to cal- 
culate the strain, in seven bars. The denotation is the 
same as before ; the strain in the bar (0 1) is expressed 
by S 0l1 its length by r 01l its section by q 0l ; and so* like- 
wise for the other bars. To determine the lengths, we 

take 

r 01 = r lt _ a, 

a 




a 
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The remaining bars are fixed by these in length, and 
we find from the " theorem of Pythagoras" 

(r 0/1/ ) 2 — (r 01 ) 2 -f (too, — r u ,) 2 

= a* + ^<t (1 +A ) 

— 1-0625 . a 2 , 
*W =a V f0625 — 1-0307 . a. 

And likewise for the others : 

r 0/1 nm 1*118 a, 
(ro*) f -l'26a> 
(r 0/1 ) 8 =l-398a 8 , 
r^= 1-031. a, 
r 0/1/ 2 - 10625^ . a 2 , r^* - 1*095 a 8 , 

r n/ = 025 . a, 
r u/ 2 = 0-0625. a 2 , 
r n , 8 = 0-0156 . a 8 , 

^ly* = 7*0/1/ , 
^12/ = *Vl • 

The squares and cubes have been added, as they are 
required in the calculation. 

Firstly, we must resolve the forces into their com- 
ponents ; and I will mention at once that, because the 
figure is symmetrical, the strains to the left of ll 7 are 
equal to those to the right ; i. e., 

0\W = £$0/V 
$12/ == MJ/l/j 

and we have to calculate the four strains : 
fin > &*' , #u/ , and $ 01 . 
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The axes shall be 


in horizontal and vertical direction ; 


and resolving according to these, 
point (1) will be 

Horizontal. 
#01 : #oi , 


the components of 

Vertical. 

o, 


So,: 


ft a 

#01/ > 

?Vi 

o, 


#01' > 

^01/ 

#11/, 


Pi 


o, 


p > 


and for point (1') they will be : 




. 


Horizontal 


VerticaL 


Sw*. 




# 0/1/ Z > 
Tea* 



This enables us to form two equations, because the 
equations for the horizontal components will only tell 
us that, for example, 

There remain, therefore, only the two equations from 
the vertical components, 

2& on — + $u/ - ■?» 
2&v — - Sn, - 0, 

wherein 8oa and S^i, are taken double, because 
members equal to & V2/ and 8^ are to be added. 
By introducing instead of r its value in figures, we 

get 

0-894 S^ + Su - P, ) 
0-486^ -ifi^- 0, J " • 



(7) 
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#01 will disappear, its value being = 0. By these two 
equations between three quantities, S oni S m ,, and Sty, 
we are not able to ascertain any of these unknown 
values, until we introduce the displacings of the con- 
nection-points. The figure being symmetrical, the 
horizontal displacings will disappear, ajid there re- 
main only the vertical ones, which we call Vi for 
point (1) and v v for point (]/) and by which the strains 
must be expressed. Since u = the former equation 
(5) gives 

_ P Q>2 - Pi) 

r 



f 



Fig. J 7 



where v 2 and t^ represent 
the displacings of the two 
extremities ; and ft is the 
piece of the vertical axis 
cut off by the lines which 
are drawn perpendicular 
from the extremities of the 
bar. {See Figs. 17 and 15.) 

In the same way we find the prolongation of the 
bars : 

Poi — 0, 




pio/ : 



pe/i/ 



3 avi 
Po/i 

la 



r w 



fll/1 



Sn, 



J-f (tfc-tfc) 



Vt -v v . 



And for the strains we get : 
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&, - o, 

a — v *gPi' 
On ~ & qw QTJfi 



8n = E q iv 



Vi — Vy 



or by introducing the value of r : 

S» — JEq w 0-235'^', 

^ n ,=^ ?u ,4^1^, 



(8) 



(9) 



This introduced into the equations (7) gives 



Vl 



Vi-Vt, 



0-3576 JEq„2+ 4^„,tL^l' = p, 
a a 

01142 U qoiV h--E qui h^'= 0, 



a 



a 



or properly arranged 



(0-3576 q n + iq u )v x - 4q n .v v = ^a t \ 

-4 qii.v x + (0-1142 gw + Iqvfion = 0.) 

By this we find v x and w 1# as soon as we put a certain 
value for the sections ; for instance, all equal = q, and 
we find 



4-3576^ -4% =-=!<*, 
- 4000 vi + 4-1142^.-0, 



(11) 
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which gives 



i^- 2-187 pa, 
, 1 , = 2'080^a. 



(12) 



These displacings are therefore proportional to the 
load P, to the length a, and inversely proportional to 
the modulus of elasticity, JS. 

The figure v x givfes directly the deflection at the 
load, P. 

As now the strains were expressed above by these 
displacings, we find by (9) and (12) 

$>* = 0-8548 P, 
# 0/1/ = 0-4888 P, 
S& «. 0-2280. P. 

This shows that the strains in the single bars are very 
different, and that we waste a great deal of material 
by making all bars equally strong, as previously sup- 
posed. To save, therefore, possibly, much material, 
we must take either the. sections or the number of the 
bars different, so that the strain in all bars may be 
the same. The determination of the sections is the 
principal object of our calculation, and therefore we 
will look to this part more particularly, and will again 
use the above example, because the same rule is valid 
for all similar structures. 

DETEBMINATION OF THE SECTIONS. 

To determine the sections of the bars in our struc- 
tures, so that all bars have one equal strain per unit, 
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we are obliged to introduce into the calculation a 
preliminary value for the sections. For example, to 
simplify the calculations, we suppose the sections of 
the bars all equal. Thus the calculation gives us cer- 
tain strains, as shown abbve, and according to these 
strains we fix the sections, so that one Q in. section 
is exposed in eaxsh bar to an equal strain. 

On this account we must know the load P. Let P 
be equal 10 tons, and the whole structure be composed 
of iron, loaded with 5 tons per Q in., the above strains 
will be 

$xi/ — 4*89 tons, 

Son = 8*55 tons, 

Bu, = 2-28 tons. 

This divided by 5 tons, gives the sections in square 
inches : 

fito' — 1*00 Q in. 

q in — (H5 Q in. 

By introducing these sections into the calculation^ we 
get different values for the strains, and consequently 
we cannot call those the exact ones. 

Looking back to equations (10) we introduce the 
value of q } and find 

2-451 Hl -1-84^- J a , 

- 1-84 v x + 1-954 v» — ; 
and this gives 

t*- 1-893 Ja- 18-98 ±, 
v„ - 1-812 ^a -18-12 J, 
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and the strains are now, according to (9), 

Sw = 3-083 tons, 
/%,! = 9-528 tons, 
S n/ =1-490 tons. 

For equal sections, and for the same load (10 tons), 
the strains were before : 

&u = 4-89 tons, 
JSm = 8"55 tons, 
Su, =2-28 tons. 

We see the sections are very different, but also far 
more economical ; and still we cannot say these are 
quite exact. To make the strain in all sections = 5 
tons per Q in., the sections would be : 

SW — 0*62 □ in., 
q ov = 1-91 □ in.', 
qw - 0-30 □ in. 

For these sections our strains would again be different, 
but not so much as before. By continuing this pro- 
cess, and by correcting the sections accordingly, we 
finally get the sections so, that in every part of the 
structure the strain will be exactly 5 tons per Q in. 
if the point (1) is loaded with 10 tons. 

In conclusion, we had to notice the dead weight of 
the bars, but this would cause, in comparison with the 
load of 10 tons, very little difference. In large 
structures, however, for example, girders for extensive 
bridges, at which we shall look afterwards, the weight 
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of the bar is surely of more importance, and must be 
taken to account in the calculation. 

In the same way as shown above, all sections of 
these structures are calculated and fixed. The trouble 
'caused by altering the sections different times is 
greatly simplified by choosing the sections at the first 
time in a suitable way, which is, after some experience, 
not at all difficult. 

Thus I have also justified my former assertion, that 
these structures, even although they have two super- 
fluous bars, can be calculated so that the strain per 
unit is the same throughout, and therefore these 
structures will be indeed structures of equal strength of 
material in all their parts — such as have not hitherto 
been produced, at least with the same perfection. 

CALCULATION OF fcTHE STBAINS WHICH ARE CAUSED BY 
CHANGE OF TEMPERATURE. 

Exactly in the same way as we have previously 
determined the strains by aid of the displacings, we 
ean also ascertain the strains caused by the change 
of temperature. As this determination is of the 
highest importance for bridges, I shall now explain 
its principles, especially as here an additional example 
in illustration of the previous theory is given. 

The prolongation of a* rod by heat is proportional 
to the increase of temperature and to the length of 
the rod. If, therefore, t represents the increase of 
temperature in degrees, r the length of the rod, and 
8 the co-efficient of expansion by heat, the prolonga- 
tion of the rod will be 

= htr 



SKELETON STRUCTURES. 49 

The co-efficient $ has for different materials different 
values ; for iron, 100 5 is equal 0-001182 ; for steel 
not hardened 

100 $ = 0-001079, 

where 100 8 represents the prolongation per unit 
caused by an increase of temperature of 100° Celsius. 
By an increase of temperature of 30° a rod of 10 ft. 
length will thus be lengthened : 

30 . 0'001182 . 10 ft 
100 " ( 

- 0-003546 ft. = 0-0425 in. 

The prolongations produced by, heat prove, there- 
fore, to be very trifling. However, they can produce a 
considerable strain!, 

If a rod be heated by tf°, and prevented by exterior 

forces from expanding, a compressive strain will be 

produced in the rod, equal to the strain which is 

required to reduce to its original length a bar extended 

. by t?. This prolongation is however 

f=8r t, 
and the corresponding strain will be * 

r 
or by introducing the value of p A 
#= -Eqht, 
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and for the strain in the section of a unit 

where E is the modulus of elasticity. 

An iron rod of 10 ft. length, prevented from ex- 
panding, and heated by 30°, will try to expand with 
a force 

' -^ = + 12800- ™™-L 2 . 30 tons. 
q 100 

= 4'538 tons per QJ in., 

even although its expansion, were it unopposed, would 
only amount to 

0-0425 in. 

4 

If instead of an increase there is a decrease* in the 
temperature, the rod will be shortened, and if it like- 
wise is prevented from doing so a tensile strain will 
be produced. The formulae will be the same for 
decrease as for increase, and will only change their 
signs. I shall, therefore, only consider the effect of 
increase in the temperature : that for decrease in 
temperature can easily be obtained by introducing 
— t instead of + t. 

If the force which tries to prevent the prolongation 
of a rod, is not quite able to do so, the heat will also 
prolong the bar a little, by which the expanding force 
will be diminished. Thus it will arrive at a point 
where, between the exterior force and the expanding 
heat, equilibrium is produced. 

If the heat with this resistance can thus expand 
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the rod by the prolongation p', we may say that this 
force has shortened the bar by p A — p' after the heat 
had expanded it previously by p\ The force by 
which the rod still tries to extend corresponds with 
the shortening p A — p'. If we call this force S } and 
we 

P > - f = p (13) 

we get jS= P • E Z = {9' - P*)^g 
r r 

and according to the previous 

B-B q (£-*t) 



Putting now 



then also is : 



JBq£ -**,***£-& 



S-&-S. ( 14 ) 



In this S represents the strain corresponding to 
the whole prolongation produced by heat ; & a strain 
corresponding to the actual prolongation, whilst 8 
signifies the strain acting in the rod. 

The equation (13) will not alter its value by intro- 
ducing a tensile instead of a compressive force ; only 
the prolongation p / alters its sign, and hence we get 

p=V+p a 

and 

£- - (# + S). 
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If we look now at the strains caused by heat in a 
suspended or trussed beam, or any other similar 
structure, which can not expand or contract freely, 
we may use the same equations as before, which sig- 
nify that the strains in the connection-points are in 
equilibrium. These strains were formerly called #, 

A 

for which we must now substitute S — S. We know 

&, as it depends only * on the increase of temperature, 
whilst & will be expressed as above by the displacings 
of the connection-points. Thus we get instead of the 
equations for the different S those of the displacings, 
and exactly so many as necessary. We can therefore 
examine the action of heat in the same manner and 
with the same exactness as we did previously the 
strains.* 

Moamph. 

As an example, we shall take the same structure as 
that for which we previously calculated the strains, 
and will consider this example in all points, as it is 
the simplest case of such a suspended bridge as is 
afterwards described, tjie calculation of which can be 
executed in the same way. 



* In a similar way we may find the strains which arise in a structure 
if a superfluous rod is too short or too long (as shown in page 12). We 
suppose the rod is extended or contracted to the length which it ought to 
have without any strain within. This causes a strain which acts on the 
-connection-point of the bar. The conditions of equilibrium for the con- 
nection-point give them the strains which arise in the various bars, simi- 
lar to that produced by the influence of heat, with the exception that here 
'Originally only a single bar strives to alter its length, whilst by heat a 
force originally acts in each bar. * 
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By omitting in the above equations (7) the load P, 
we get: 

0-894 8 0/1 + B& = 0, 
0-486 tfo/i, - tin, = 0. 

A A 

8 being equal $' — 8 where 8 represents the strain 
produced when the rod cannot expand at all. 

Now 8=Eqht, 

where 5 indicates the co-efficient of expansion in the 
material, and t the increase of heat in degrees Celsius. 
Eor iron 

« = 0^00001182; 

and by taking t = 30° Celsius, 

A 

- = 4-574 tons; 
q 
so that the equations will now become, 

0-894 S'm. + S'-u, = 0-894 8 M + &,, 
0-486 8'oa - #'«,- 0-486 &i - &,. 

A 

To introduce the value of 8 we must know the bar 
sections, and for greater simplicity I shall put them 

all =* q. Thus all 8 will be =» 4'674 q tons, and the 
equations become, 

0-894 S' 0/t + 8\ v s= 8*663 q tons, 
0-486 S' oa - S' n , = - 2'351 q tons, 

where the 8' must be expressed by the displacings. 
As the 8' are the strains, which correspond to the 
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/ 

actual displacings, they depend upon these in the same 
way as previously S did. See formula (8). By this 
our equations change into 

E 
4-3576 v x - 4 vu — 8*663 - tons, 

- 4 v t + 41142 v t/ = - 2-351 J tons, 

which correspond with the previous (11). 

They give the values 

v t mm 13.609 a, and v t , = 12*660 a. 

and the equations (8) will give the values of 

#'o/i = 5*444 q tons, 
S r o*,= 2*975 q tons, 
iff'uz a» 3'796 j tons. 

Because S=S'—S 

the strains actually produced by heat become 

# 0/1 *» + 0*870 g tons, 
/SJ )/ i / =— 1*599 y tons, 
/Si 1/ = - 0*778 q tons. 

These figures give us the strains per Q in. Under 
a load of five tons per Q in. the greatest amounts to 
1*6 tons. 

We must therefore in this, as also in all similar 
structures, where a free expansion is prevented, increase 
the sections according to the strains. 

These strains are caused by an increase in temper- 
ature of 30° Celsius ; for an equal decrease, we get 
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equal but reverse values ; i. e. instead of tension we 
get compression, &c. 

These calculations can easily be transferred to a 
temperature of any degree. Thus for 1° the above 
results must be divided by 30, and thus a decrease in 
temperature of 10° gives 

S vo = - 0*290 q tons, 
8^= + 0-533 q tons, 
$ n , = + 0*259 q tons. 

BRIDGES. 

' Of all constructions for bearing or support that come 
before the engineer, those for the support of bridges 
are the largest and most important. These are, there- 
fore, most suitable to illustrate the value of the Skele- 
ton Structures, which in the future will prdbably be 
much used in the construction of bridges. I will now, 
therefore, enter into this part of Engineering more 
minutely. 

In designing bridges and similar structures the first 
question is, Which construction is absolutely the best 
for the intended object ? This the engineer can never 
answer. His task is, therefore, to compare all the 
various known constructions with each other, and to 
balance their respective advantages and disadvantages. 
By this, though he can never discover the best possible, 
yet he may arrive at that which of the known ones is 
the best for his object; but he can never thereby affirm 
that the one he has fixed on may not be replaced by 
'a better. 

Here, therefore, .where it is my chief object to 
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explain a new system for such structures, I will try- 
to compare the new construction with the best exist- 
ing one. If by this comparison We find that this 
construction can, with equal strength, be executed 
more cheaply, or that with equal amount of material, 
it gives greater strength, then must this principle be 
acknowledged as theoretically the better ; and if no 
difficulties occur in the construction, and if the 
strength of the girder is not affected by tear and 
wear, it must also be acknowledged as practically the 
better. 

In the first part I have already directed attention 
to the advantages derived from the connection made 
entirely by bolts, and proved that the material is best 
applied in this way ; and that bridges so constructed 
must be lighter than any other. I have there proved 
how the sectional areas of the structure are deter- 
mined, and will now compare the weight of girders 
thus found with that of other girders. This is the 
only point we have still to examine, as the connection 
by bolts, on which the strength and permanence of 
these structures depend, has already been considered 
in detail. 

Two points of comparison with other bridges pre- 
sent themselves : firstly, the weight of the girder in 
proportion to the- greatest load which it can carry, 
upon which depends principally the cost of the 
structure ; and, secondly, the deflection in proportion 
to the span. This deflection is the only measure we 
have of the rigidity in a bridge, until we solve the 
problem to ascertain the oscillation of a bridge whilst 
a train is passing, or. until a bridge has been built 
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and tested for this purpose. Such trials, in which the 
oscillations and deflection are exactly observed, are, I 
am convinced, made only in very few bridges ; as in 
works otherwise so rich in information about bridges, 
we find seldom data of the deflection for various loads. 

Both weight and deflection depend to a very great 
extent on the shape of the girder, and thus the shape is 
of the greatest importance. It is difficult to say which 
scheme is the best, as this will greately depend on the 
purpose of the bridge. If greater Kghtness is required, 
so must it be procured by loss of rigidity and increase 
of deflection ; whilst, on the contrary, the deflection can 
be lessened by employing more material. 

The bridges which can be built as Skeleton Struc- 
tures are of the most various kinds. We find in the 
annexed plates examples of beam-bridges, which cause 
no horizontal pressure on the abutments (Figs. 7 and 
8. Plate III.) ; further, of suspended and trussed 
bridges, remarkably perfect in their construction 
(Plate I. and II.). All these fridges have top and 
bottom members, which are so braced together that 
the whole girder forms a rigid mass (as considered, 
page 10, Ac). * 

I shall enter now upon a closer examination of the 
suspended and trussed bridges ; and principally the 
simplest of these (see Pig. 1, Plate I.), where it will be 
observed that the trussed girder is the reverse of the 
suspended. 

SUSPENDED BEAMS. 

The suspended beam (Fig. 1, Plate 1 ) is the clearest 
representation of all peculiarities of this mode of con- 
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struction. Such a beam fixed at two points in each 
% pier forms a perfect rigid body. Wherever we might 
cut off the beam, the piece between the pier and 
the section will keep its position unaltered. In out- 
ting the bridge for example in the centre, each half 
will form an arm of a girder, as is shown in the 
swiug bridge (Fig. 3, Plate I.). Similar girders are 
obtained by cutting the bridge anywhere, for it is 
easily seen that nowhere is a rod wanting, and that 
therefore the structure is. perfectly rigid; neither is 
there any superfluous rod as soon as the section is 
made. In considering, however, the whole structure, 
we find in reality two rods too many, as both ends, 
altogether four points, are fixed. Through this, how- 
ever, can in no case any special strain arise. If, for 
example, in the lower member, a bar should be a little 
too long, the strain produced would be distributed 
over the whole length of the member, and if this con- 
sist of 10 bars, each bar would be exposed to one- 
tenth of the strain. If, thus, a rod be too long by 
1000th of its length, the strain would become very 
little, and can be neglected. Besides, the mode of 
constructing such bridges would diminish the strain. 

The erection of the bridge will proceed from each 
pier, by which means the bridge always supports 
itself. Arrived at the centre, the closing bars may 
be bored on the spot. When erecting a bridge^in 
this manner there would be no especial need of 
scaffolding or other support, as the roadway of the 
bridge may at once serve as such. We need not 
make any further observations to show the great ad- 
vantages of this mode of erection, particularly for 
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bridges of great length and across deep chasms, where 
an intermediate temporary scaffolding causes the t 
greatest difficulties. 

Some bars, however, may be subjected to greater 
strains before the bridge is connected in the centre 
than afterwards. A simple calculation will show if 
the bridge, before shutting, is able to carry its own 
weight without injury to one of those bars, and if in 
large spans this should not be the case, it will be easy 
to procure temporary chains to support the weight. 

The sectional areas of each separate bar are deter- 
mined according to the explained theory by Calcula- 
tions as follows : Firstly, we assume that the load on 
the bridge is equally distributed. This load acts on 
the connection-points, and only there, as the cross 
girders carrying the platform rest uptm the bolts. 
We have, therefore, on each connection-point of the 
lower member a load P acting, in which the weight 
of the platform, as well as casual loads, is included. 
The latter is supposed equal to the^ greatest load 
which the bridge shall carry. 

In the following it is assumed that this load, in- 
cluding the weight of the platform, is for a single line 
of rail «- 2 tons per running foot. In proportion to 
this uniform load the strains in all bars, and by this 
their sections, will be determined, as shown page 46. 
According to these sections we calculate the strains 
for eccentric bads, and correct those sections which are 
thus found to be too small. These sections will be 
able to resist any load, but would need a final correc- 
tion to resist the influence of temperature. As the ' 
whole body of a girder forms a, strong beam, which is 
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fixed at each end, the bridge, by change of tempera- 
, ture, cannot expand or contract freely ; and all the 
strains caused by these changes must be resisted 
within the structure. How these strains are deter- 
mined is shown page 48. The magnitude of these 
strains depends chiefly on the climate of the country 
where the bridge is to be erected ; and is, of course, 
very different. If the bridge is erected during the 
middle temperature of the year, then we have to take 
. into our calculation the highest and lowest tempera- 
ture of the country. I have assumed in the former 
examples that the bridge is erected at a middle tem- 
perature, and then taken 30° Centigrade, ■■ 54° Fah- 
renheit, above and below it ; so that the bridges have 
been submitted to all fluctuations of temperature 
within 60° Centigrade - 108° Fahrenheit 



To give an idea how these strains thus found by 
calculation are distributed in these suspended bridges, 
I have prepared some diagrams (shown in Plate IV.), 
in which the amount of strain is signified by the 
thickness of the respective lines. At the same time 
I have chosen for compression and tension different 
colors, thus, that all ties are shown black, and all 
struts are shown red. The bars represented byjbhe 
thickest of the red lines have therefore to resist 
the greatest compression, and the bars of the thickest 
black lines likewise the greatest tension, according to 
the circumstances mentioned afterwards. 

Fig. 15 gives, thus illustrated, the strains in a 
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bridge girder of 200 ft. span uniformly loaded. The 
inserted numbers give the amount of strain in tons of 
each bar - T if the girder is thus loaded, that dead weight 
and rolling load amount to one ton per running foot. 
By taking steel of 10 tons admissible strain per Q 
in., the dead weight of one girder will be tV ton, there- 
fore the rolling load, with platform, will amount to A 
ton per running foot. 

The dotted lines are intended to illustrate the deflec- 
tion caused by this load ; they are drawn according to 
the displacings calculated for each connection-point. 
As these displacings, however, are so trifling that 
they could not be shown in the same scale as the 
girder, they are drawn five times enlarged — i.e. the 
real deflection is T of that one shown. 

Fig. 16 gives for the saipe bridge and the same 
material the strains which occur when the tempera- 
ture rises by 30° Centigrade (« 64° Fahrenheit). By 
this, all strains which are caused by dead weight and 
load are not taken into account; the diagram shows, 
therefore, those strains which are produced by the 
heat only. These are to be added to the strains caused 
by the load, which combination is shown in Fig. 17. 
This diagram contains, therefore, the strains which 
occur by a uniform load, and by an increase in tem- 
perature of 30° Centigrade. 

JJy determining the latter strains, I have considered 
the most unfavorable way of connection— viz., that 
the ends of the girder are fixed absolutely in the piers. 
In practice, these strains will be considerably less. 

In Fig. 16 the change of form is -also indicated by 
dotted lines ; but as these are considerably smaller 
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than those in Fig. 15 they are 50 times enlarged. 
To know this deflection is but of little interest, only 
so far as it would be advisable to give the roadway of 
the bridge a raise in the centre, at least equal to the 
greatest possible deflection, so that the girder can 
never deflect below the horizontal line. 

As now the deflection by heat is to be distinguished 
from that one caused by the load, I have not shown 
any deflection in Fig. 17. The deflection by heat is 
the same as shown in Fig. 16 (i.e. A part of it), and 
thjat one momentary produced by the load, is the same 
as in Fig. 15 (i.e. i part of it). The latter, as before 
mentioned, can be considered as a measure for the 
rigidity of the structure ; and this rigidity does not 
suffer by the action and deflection caused by heat. 

In regard to Fig. 16, it might be mentioned that a 
decrease in temperature of 30° Centigrade does not 
alter the amount of strain, but compression will be- 
come tension, tension become compression ; and in- 
stead of a deflection, we get a convex curve. Fig. 16 
gives also, therefore, an illustration of the state at 30° 
Centigrade decrease in temperature — only the black 
lines signify in this case compression, and the red ones 
tension. / 



After the calculations were completed in the ab<jsre 
way, all sections were so determined that each square 
inch at the highest admissible strain (i.e. the strain 
caused by the joint action of the most unfavorable 
load and most unfavorable influence of temperature), 
will carry exactly so much as its material will allow. 
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In this way, we find the smallest sections with which 
the bars can resist most safely all the strains to which 
they are exposed. In practice, however, it wt)uld not 
be advisable to take each bar of a section exactly fitted 
to its strain, but to introduce different numbers of 
bars of equal section ; and such a section ought to be 
taken that in all parts there is rather more than less 
of the required material. 

In this manner I have calculated several bridges, 
and give here the data which were found for a bridge 
of 100 ft. span (Fig. 1, Plate I.), where various 
materials, from ordinary iron to the best steel, are 
supposed to be used in the structure. By composing 
a table of weights of different materials, we will see at 
once the advantage of a superior sort of metal. 

The value of material for such structures depends 
chiefly on the greatest strain that one Q in. of it is 
able to bear. We called it above the greatest admis- 
sible strain, and will indicate it by T, which always 
relates to one Q i n « Besides this quantity, the 
" modulus of elasticity" must be taken into considera- 
tion in calculating the deflection, but has no influence 
upon the weight .of a bridge. 

I will therefore classify the material by its highest 
admissible strain, and indicate it as that for which T 
has the value of 5 tons, 6 tons, &c. I will also take 
into my calculations all the values of 2 7 from 5 to 12 
tons, the former being a safe load for ordinary iron, 
whilst the latter is the same for unhardened steel. 
These numbers include the best qualities of iron and 
the newer sorts of half-steel and steel, which have 
lately, been introduced in the trade. 
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The greatest admissible compression per Qj in. is, as 
usual, taken a little less than the tension, namely, = I T, 
though I am of opinion that 1 even wrought iron can 
resist a compressive equally as well as a tensile force ; 
provided that all bending out or twisting of the mate- 
rial is prevented. For half-steel and steel both strains 
can nearly be taken the same. As it is, however, 
difficult to prevent totally bending out, I have, as 
said before, taken everywhere the sections so that the 
greatest compression becomes*nowhere more than i of 
the greatest tension. 

I give first the weights of a bridge of 100 ft. span in 
the following table : 

Table I. 



T 
in Tons. 


Weight of 

One Girder 

in Tons. 


Weight of 

the whole Bridge 

in Tons. 


5 


10-7 


41 


6 


8-8 


38 


7 


V-4 


35 


8 


6-4 


33 


9 


5-7 


31 


10 


5-1 


30 


11 


4-6 


29 


12 


4-2 


28 



The first column of this table gives the greatest ad- 
missible strains which the materials can resist, or, if 
you like, the highest strain caused in a bar by the 
most unfavorable load and influence of temperature. 

The second column gives the weight of one girder 
of 100 ft. span for the various materials, where it is 
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assumed that such a beam can carry, besides its own 
weight, 1 ton per running foot, unless the corre- 
sponding number of the first column be overstepped. 
Consequently, a bridge having two girders can carry, 
together with the platform, 2 tons per running foot ; 
which is a heavy load for a single line railway bridge. 
Prom this table we can very easily find the weight 
of one girder required to carry any given load, as we 
have only to multiply the numbers of the table with 
the load per running foot. As the general load for 
railway bridges of middle spans is Ik tons per running 
foot, each girder would carry only § tons of rolling 
load. To this must be added the weight of the plat- 
form, which I take,= $ ton per running foot,* and 
thus both girders have, besides their own weight, 
1*25 + 0*2 = 1*45 tons, and each girder 0725 tons. 
If we take, then, 0*73 tons per running foot, we 
would receive the following table, which gives also 
the weights of a 100 ft.* bridge able to carry, besides 
its own weight, 1* tons per running foot. 

* This number, generally assumed for wrought-iron plate girders, must 
not be supposed to be too low, as lighter girders have been made. 
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Table II. 



Weights of. One Girder of 100 Feet Span, when Two 
Girders carry, besides their own Weight and that of 
the Platform, 1* Tons per Running Foot 



in Tons. 


Weight of One Girder 
in Tons. 


5 


7-8 


6 


6-4 


7 


5-4 


8 


4-7 


9 


4-2 


10 


3-7 


11 


3-4 


12 


31 



If one girder weighs 7*8 tons, two girders would 
weigh 15*62 ; the platform =' 20 tons ; and, therefore, 
the total weight of the bridge would be =» 35*6 tons, 
or = 0*356 tons per running foot ; and this carries be- 
sides 1*26 tons ; in all, therefore, 1*606 tons per run- 

ning foot, i.e. = 4*5 times its own weight. If 

0*356 

we make, however, bridges in steel of 10 tons admis- 
sible strain, the weight of the whole bridge will be 
only 27*4 tons, which includes 20 tons for the plat- 
form. 

For lattice and plate girders, we assume that the 
average weight of two girders for single line is in lbs. 
nine times the span in feet. For a 100 ft. the weight 
of two girders is thus 900 lbs., or for one girder 450 
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lbs., or 0*201 tons per running foot, making 20 tons 
for the whole girder. 

As now, however, lately, such lattice-girders have 
been built sometimes lighter, the average weight of a 
100 ft. bridge would scarcely be taken below 015 tons 
per running foot, which makes the weight of one 
girder = 15 tons, being about twice the weight of a 
skeleton girder. If the platform weighs 20 tons, and 
each girder 15 tons, the whole bridge will thus be 
= 50 tons, whilst ours is only 36 tons. 

I add here the calculated deflection of a loaded 
girder of 100 ft. span. A 100 ft. bridge for single 
line, in iron of 5 tons admissible strain, will deflect 
under a load of Ik tons only 0*63 inches. This is very 
nearly tcW of the span, whilst most railway bridges 
have a greater deflection under such a heavy load. If 
I take half the above load, or I tons per running foot, 
say the weight of a goods train, the deflection would 
also be only the half, i.e: h inch, and for lighter, trains 
proportionally less. 

As now the deflection and also the strains as above 
explained are found with great exactness, so would 
these numbers be the strongest proof that these 
bridges, in spite of their great lightness, possess suffi- 
cient interior rigidity to carry both speedy and heavy 
trains with the greatest safety. 

In steel bridges the deflection. is of course greater, 
as is easily observed from the previous formula (2), 
for the extension of a bar. According to these the 
prolongation is 

*! Eg; 
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This quantity increases therefore in proportion to 
the strain per Q in., and is reversely proportional to 
the modulus of elasticity, M Now the modulus of 
elasticity for iron and steel varies between 28 and 30 
millions of lbs., where hardened steel is excluded. I 
have taken it always = 12,900 tons, or about 29 mil- 
lions of lbs. The prolongation depends, therefore, 

S 
. only on the strain per Q in., -, and this is always 

greater in the case of steel. 

A 100 ft. bridge made of steel, with 10 tons admis- 
sible strain per Q in., suffers, therefore, by a load of 
Ik tons per running foot, a deflection of 2 x 0.63 = 
1*26 or Ik in. ; i.e. of about t*W of the span. 

These bridges would for ordinary trains be suffi- 
ciently rigid ; at any rate the deflection of steel bridges 
constructed otherwise will not be less, if they are of 
the same weight. 

If we, however, would build a steel bridge of less 
deflection, we have only to increase the section of 
the bars. If the girder be made heavier by half of 
its weight, the deflection will be one-third less. There- 
fore, in each structure, the special object must decide 
the nature and amount of material. 

For the other materials given above we get the 
following deflections : 
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Table III. 

Deflections of a 100 Feet Bridge of the same Weight as 
that in Table II., and loaded with Ik Tons per running 
Foot. 



Tin Tons. 


Deflection through Loading. 


5 . 


0-62 inches - 0-00050 of span 


6 


0-76 ' 


* - 0-00063 " 


7 


0-90 ' 


' - 0-00075 " 


8 


1-04 * 


• - 0-00087 " 


9 


1-18 ' 


' - 0-00098 " 


10 


1-81 ' 


' - 0-00109 " 


11 


1-45 ' 


* = 0-00120 " 


12 


1-59 ' 


' = 0-00130 " 



The deflection caused by the above load is, therefore, 
only in materials of 10, 11, and 12 tons admissible 
strain greater than y^ of the span. 

To these data I add a table for the deflection of 
free-supported girders, Fig. 18, on which the load is 
also equally distributed. For such a beam we may 
take the simplest -^ l8 ^ 

—a plate girder [ | \ j\ \ \ \ \ 
of equal section f | 

throughout. In #^ Sf 

this case the deflection 

~ 8 EJ 48' 

where P represents the load per running foot, including 
the dead weight, L the span, and <7the momentum of 
inertia of the section " for the horizontal axis." 
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If otherwise in a beam Tib the highest strain per 
| | inch, the load P can be taken as large, as it follows 
from the formula : 

iq^t=*pl^ 

a 

in which it is supposed that the centre of gravity in 
the cross section of the beam is as half its height, h. 
From this we see 

l lfi n 
/ = 16 I? 

This being introduced into the above equation 
makes 

5 P V 16 T\ 



h 



24^16 h P' 



« 5 PL T * 
or > o = — - - .L :* 

where, however, 8 now represents the deflection of 
such a beam, when so loaded that the greatest admis- 
sible strain is reached. 

If again we put E = 12,900 tons ; for Tthe respec- 
tive values 5, 6, ... 12 tons; and lastly, as on an aver- 
age is the case in bridge-girders h = — L, or -=10, 
we get the following table : 

* Laissle & Schiibler, " Bau der Brttckentrager "—page 73. 
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Table IV. 




Tin Tons. 


Deflection at IOC 
Span in Inches. 


Deflection In proportion 
to the Spaa. 


5 


, 0-96 


000081 . L 


6 


119 


000097 " 


7 


1-85 


000123 " 


8 


1-54 


0-00129 " 


9 


1-74 


0-00146 " 


10 


1-93 


000161 " 


11 


212 


000177 " 


12 


283 


0-00194 " 



As in Table III., it has been here also supposed 
that the girder is so loaded that the greatest admis- 
sible strain T is reached. These tables are therefore 
very suitable for a comparison between the deflections, 
and this comparison results decidedly in favor of the 
new bridges. The load which a beam with such a 
deflection can carry depends, of course, also on the 
form of cross-section. 

This 100-feet bridge I have examined thoroughly in 
order to explain the character of the whole system. 
Henceforward I can be more concise, as I now pro- 
ceed to give the weights of girders for different and 
larger spans, and to compare these with some of the 
executed bridges. 

I give firstly a few tables exactly like I. and II., 
only for different spans. 

The weights in these tables are for girders of 
geometrical-similar form, so that the design, Fig. 1, 
Plate I., will obtain for all these girders, since they 
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may be drawn to different scales. The sections, and 
by these also the weights, are then from a 100-feet 
bridge determined by calculation, by the condition 
that the same maximum load per running foot and 
the greatest strain will be the same as in those.* 

It will be seen that in these tables no regard is paid 
to the span at which these bridges may be built, 
because this depends chiefly on the greatest length of 
the bars or members which in practice may be adopted 
with success. I consider 700 feet to be the limit for 
this kind of bridge, if the division points are properly 
arranged. These divisions depend on the distance of 
the cross-girders, and whether these- are connected by 
longitudinal girders or not — as the cross-girders can 
only rest on the bolts of the connection-points. 

For large spans, therefore, another design is neces- 
sary in which the length of the bars is in general 
less, and this is the case in Fig. 4, Plate II., where 
we have two curves. 

The average weights of these bridges may be taken 
from the same tables as the others. 

* How these weights are found by those of the 100-feet bridge — see 
Appendix. 
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Table V. 

Containing the Weights of One Bridge Girder, which, be- 
sides Us own weight, can carry 1 Ton per running 
Foot, including the platform. 



T 


"100 


Q«oo 


"soo 


"400 


"500 


"600 


"700 


"800 




Tons. 


Tons. 


Tons. 


Tons. 


Tons. 


Tons. 


Tons. 


Tons. 


5 


10-7 


48*0 


1224 


252-8 


467 


828 


1465 


2726 


6 


8-8 


38-4 


95-4 


190-4 


337 


562 


907 


1450 


7 


7-4 


320 


78-3 


152-3 


262 


425 


667 


987 


8 


64 


27-6 


66*4 


127-5 


217 


342 


615 


749 


9 


6-7 


240 


67-9 


109-6 


185 


284 


421 


593 


10 


61 


21-2 


50-8 


95.8 


160 


245 


358 


504 


11 


4*6 


19-2 


45*6 


85-4 


140 


216 


309 


433 


12 


4-2 


17-6 


41-3 


76-8 


125 


191 


274 


381 


13 


3-9 


160 


37-6 


69-9 


115 


173 


245 


329 



If wfe wish to find the weight of a girder for another 
load we have to multiply the respective number in the 
table by the load per running foot. Suppose, for 
example,- the problem is to find the weight of a girder 
for a single-line railway bridge, loaded with Ik tons 
per running foot, if the span be 300 feet, and the 
admissible strain 8 tons per square inch, 



The two girders carry 
Platform per running foot 

Total load - 



1*25 tons. 
02 " 



- 1-45 



i. e. 0*73 tons per running foot for one beam, besides 
its own weight. In a span of 300 feet, and under a 



74 



SKELETON STRUCTURES. 



strain of 8 tons per Q] inch, the table gives a weight 
of 66*4 tons, and this multiplied by 0*73 gives for the 
beam in question a weight of 48'57 tons. Two girders 
weigh, therefore, 97 tons, so that the whole bridge 
weighs, with the platform of 60 tons, 157 tons. 
In this way is the sixth table arrived at. 



Table VI. 

Giving the Weights of One Beam when Two of them, be- 
sides their own weight and that of the Platform, can 
carry H Tons per running Foot. 



T 


100 


200 


300 


400 


500 


600 


700 


800 


900 


1000 


5 


7-8 


35-0 


89*4 


184*4 


337 


604 


1070 


1990 


4393 


21160 


6 


6-4 


28*0 


69-6 


138-8 


247 


410 


661 


1058 


1733 


3030 


7 


54 


23-4 


57-3 


110-8 


191 


310 


* 480 


721 


1076 


1628 


8 


4-7 


20*2 


48-3 


93-6 


159 


250 


375 


546 


780 


1117 


9 


4-2 


17-6 


42-0 


80-4 


135 


208 


303 


425 


615 


847 


10 


3-7 


15-4 


36-9 


70*0 


117 


179 


271 


368 


502 


679 


11 


3-4 


14-0 


33 3 


62-0 


102 


158 


225 


316 


432 


569 


12 


3-1 


12-8 


30-3 


56*0 


93 


139 


200 


278 


373 


489 


13 


2-8 


11-6 


27-3 


51-2 


84 


126 


179 


248 


'331 


438 



To this I still add a table giving the same weights as 
in the previous one, not, however, for the whole beam 
but for the running foot, with the purpose of gaining 
better means of comparison. 
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Table *VIL 

Containing Weights per rmning Foot of different Girders, 
when Two of them, besides their own weight and Plat- 
form, have still to carry li Tons per running Foot 



T 


100 


200 


300 


400 


500 


600 


700 


800 


900 


5 


078 


0175 


0-298 


0-461 


0-673 


1007 


1-528 


2-488 


4-881 


6 


0-064 


0140 


0-232 


0-347 


0-493 


0-683 


0-945 


1-323 


1-925 


7 


0-054 


0117 


0191 


0-277 


0-382 


0-517 


0-685 


0-901 


1196 


8 


0-047 


0101 


0161 


0*234 


0-31T 


0-416 


0-537 


0*683 


0*867 


9 


0-042 


0-088 


0140 


201 


0-270 


0-346 


0-433 


0*541 


0-683 


10 


037 


0-077 


0123 


0-175 


234 


0-298 


0-373 


0-460 


0-558 


11 


0034 


0-070 


0-111 


0-155 


0-204 


0-263 


0-322 


0-395 


0-480 


12 


0031 


0-064 


0-101 


0-140 


0183 


0-232 


0-286 


0-347 


.0-414 


13 


0-028 


0058 


0-091 


0128 


0168 


0-210 


0256 


0-310 


0-368 



T 


1000 


1200 


1400 


1600 


1800 


2000 


. 2200 


2400 


2600 


5 


21-160 


















6 


3 030 


21155 
















7 


1-628 


3-534 


21-203 














8 


1-117 


.1-925 


4*016 


21193 












9 


0-847 


1-323 


2-212 


4-461 


21-429 










10 


0-679 


1*008 


1-529 


2*491 


4-887 


21*192 








11 


0-569 


0*814 


1175 


1*728 


2-777 


5*294 


21*188 






12 


0-489 


0*683 


0-944 


1-322 


1-898 


3 024 


5*681 


21-185 




13 


0-438 


0-588 


0-792 


1072. 


1-477 


2*117 


3-280 


6-047 


21-183 



These tables, especially the latter, give a clear view 
of the weights of girders. We see from them how 
the weight of the girder itself increases rapidly com- 
pared with the span. 

Further, we see that for larger spans the bridges 
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of better material are much lighter than those of in- 
ferior, which shows the advantage of better material, 
especially in large structures. 

To assist us in forming a better opinion of the 
material, the following table will be found interesting. 
It contains the spans for different materials when a 
girder can carry nothing but its own weight : 



Table VIII. 

Admissible Strain. # Theoretical Limit of Span. 

5 tons ------ 1035 feet, 



6 
7 
8 
9 

10 
12. 
12 



1241 
1448 
1655 
1862 
2069 
2276 
2483 



At these spans a bridge will not be able to bear any 
load without exceeding the greatest possible strain of 
material. 

In practice it will be advisable to keep far below 
these figures, because the dead weight of the girders 
increases rapidly as you approach these spans ; as 
Table VII., for T= 5 has also shown, giving for 900 
feet span 4*88 tons dead weight per running foot, and 
21*16 tons for 1000 feet span ; and by going 35 feet 
further the dead weight becomes infinite. 

Although, therefore, on the one hand, a bridge of 
1000 feet span can scarcely be built of wrought iron, 
on the other it cannot be denied that according to 
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this plan: larger spans, excluding common road sus- 
pension bridges, will be possible. But by using 
steel we are able to exceed the above span. From 
the use of this metal less material is required, and 
this saving increases remarkably in crossing large 
distances. 

It is still a question, which is the most suitable 
arrangement : short spans and many pillars, or long 
spans and tew pillars? It is difficult to speak de- 
cidedly on this point, because there are many circum- 
stances to be taken into consideration. One thing 
is clear : that the most suitable span will increase 
remarkably if we are able to build higher bridges, 
i. e. having less dead weight, and this will be proved 
in every respect by adopting this skeleton construc- 
tion. 

In conclusion, I have to compare the bridges of 
skeleton construction with the structures' already 
executed, more particularly as I used before only aver- 
age values of plate and lattice girders. 

By aid of the above tables I shall calculate the 
weight of a bridge of the same span as that of the 
one already erected, with which it is to be compared. 

The largest span which has hitherto been adopted 
with success for railway traffic we find in the Britannia 
Bridge, which, by the novelty of its construction and 
its audacity in erection, caused not only general admi- 
ration at the time, but will always be considered a re- 
markable epoch in the history of iron structures. 

This bridge has a span of 460 feet, which is crossed 
by a tube of 1400 tons weight for single line, making 
3*043 tons per running foot. 
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One skeleton girder, of 460 feet span single line, 
made of wrought iron, loaded with 4 tons per |~| 
inch, and which carries besides the roadway (= 0*2 
tons per running foot), 1* tons per running foot, 
weighs 0'584 tons. 

Which makes for two girders . 1*168 tons 
Roadway . . . .0*2 " 

Total weight per running foot . 1*368 " 

Which shows that a Skeleton Bridge would weigh 1*675 
tons less per running foot than the Britannia Bridge. 

In connection with this we have to look at the fol- 
lowing points : 

Firstly, the weight of our roadway is, according to 
the present mode of construction, rather light, as a 
bridge at such a span must be provided with suitable 
horizontal bracing to resist the side action of the wind. 
These bracings might be common tie rods, or arranged 
as shown in Fig. 6, Plate II. The weight of such an 
arrangement is, however, not taken into account in the 
above calculation. 

Secondly, we must consider that this bridge is able 
to carry Ik tons per running foot safely, being nearly 
equal its dead weight. The Britannia Bridge carries, 
besides its own weight, about 1 ton per running foot. 

We further have neglected, in our Skeleton Bridge, 
the weight, of our pillars and abutment-bars ; but we 
have also neglected the cast-iron end frames in the 
Britannia Bridge, which will pretty nearly balance 
each other. Because by taking the whole length of 
4 spans, two of which are only 274 feet, we find a 
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total weight of 5285 tons in a length of 1524 feet, 
which is 3*468 tons per running foot, being nearly 
h a ton more than in the above calculation. By 
taking everything into consideration we shall not be 
far wrong in stating that a Skeleton Bridge of the 
same span as the Britannia Bridge will want about 
half the material. This is especially remarkable, as 
the bottom of the tube in this bridge, representing 
the roadway, belongs chiefly to the carrying part of 
the structure, which is not the case in our bridge, 
where the roadway does not carry, but increases the 
load. 

The deflection of a skeleton single-line bridge, being 
loaded with Ik tons per running foot, amounts, ac- 
cording to my calculation, to 2'85 inches, which will 
completely disappear after the rolling load has passed. 
By taking in such a length of bridge h ton per running 
foot for an ordinary goods train, the deflection will be 
1*14 inches, whilst one tube of the Britannia Bridge, 
at a load of 248 tons (27 coal wagons) being about 
h ton per running foot, deflected 0*676 inches. Ac- 
cording to this, the deflection at 1 i ton load per run- 
ning, foot would be 1*69 inches. By making, however, 
our Skeleton Bridge double the weight, i.e.- about 
equal to the weight of the Britannia Bridge, the de- 
flection of our bridge will be T42 inches at Ik tons 
load, and 0*55 inches at £ ton load per running foot, 
showing a smaller deflection at equal weights. 

I will add here the span which would be crossed by 
a skeleton girder having the same weight as one tube 
of the Britannia Bridge of 460 feet length — 3*04 
tons per running foot. Taking the weight of the road- 
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way, including horizontal bracing, = 0*4 tons per run- 
ning foot, there remains for both girders 2*64 tons, 
being for each 1'32 tons. Table VII. shows that a 
wrought-iron girder of this weight will have a span of 
600 to 700 feet (exactly = 666 feet). 

Therefore, taking the same span for both systems, 
the weight of the skeleton bridge will only be half of 
the other, and by taking the same weight the skeleton 
bridge will be 200 feet longer, being about 14 times 
the length of the other. If now we build a skeleton 
bridge of 460 feet span of steel, loaded with 10 tons 
per Q inch, we find that each girder will weigh 0*21 
tons per running foot ; both girders, 0*42 ; roadway, 
0*4 ; making the total weight in steel = 0*82 tons — 
which shows that the steel bridge will have about half 
the weight of the wrought-iron one, whilst the weight 
of the girders is in the proportion of 12:4; showing 
that a steel girder of this principle is one-third of a 
wrought-iron one. 

* LATTICE (&RDERS. 

As examples for open girder bridges, we will firstly 
look at the Drogheda BridgQ, near Dublin, in Ireland, 
and secondly at the Crumlin Viaduct. Both are dis- 
tinguished by their light and lofty designs. 

The Drogheda Bridge has three spans : a centre one 
of 267 feet, and two other ones of 141 feet, which 
are crossed by one continuous beam. The particulars 
are : — Weight of centre bridge in double line, per 
running foot, 1*446 tons ; or, per running foot of 
single line. v 

0-723 tons, 
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Greatest load = 1 ton per running foot. Strain on 
material 5 tons per Q inch 'in tension, and 4£ tons in 
compression. For 267 feet span, and 1 ton rolling 
load per running foot, one skeleton girder weighs 0*20 
tons per running foot. 

Two girders .... 0*40 tons. 
Roadway . . . . ■ . 0*2 " 
Total weight for single line .0*6 " 
Ditto for double line . T2 

where the weight will be identical, whether we use four 
or two girders. This is 0*246 tons, or i ton per 
running foot less than the Drogheda Bridge. 

The proportion will be still more favorable if we 
consider that all three openings are crossed by one 
beam, which causes the weight of the structure in the 
centre span to be considerably less. 

The highest strain per FH inch was taken in this 
bridge 5 tons in tension and 4s tons in compression, 
the tension being equal to what is calculated in our 
tables, and compression greater. 

The- Crundin Viaduct will be found more suitable 
for direct comparison, because it represents equal 
spans. The particulars are : 10 spans of 150 feet 
each, the bridge has double lines and four girders. 
Weight of one pair of girders for single line = 44 
tons, being 0*293 ton per running foot, and 0*147 
ton for one girder. Greatest load ■■ Ik tons per 
rnuning foot ; greatest strain per [j| inch = 5 tons 
in tension and 4 tons^ in compression. Deflection of 
one pair of girders loaded with Ik tons = li inch. . 

According to our tables, a skeleton girder of the 

6 
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same span weighs 0*20 ton ; 2 girders, single line, 
0-248 ton, or 2 girders of 150 feet span 37 tons ; 
which shows about 7 tons less for each 'line and each 
opening. Besides this we could have saved more by 
introducing larger spans and less pillars. 

The deflection of a skeleton girder will be, at 150 
feet span and Ik ton load, — 0'93 inches. 

Finally, I shall mention a large bridge in Prussia, 
the Dirschauer Weichselbrucke, of 6 spans of 386 feet 
each, of which every two are crossed by one beam. 
The bridge is of single line, and was calculated for 
0*96 ton (English measure) per running foot. The 
material is loaded with 4*34 tons per Q inch in ten- 
sion, and 3*83 in compression. The dead weight is 
2*873 tons per running foot. 

A skeleton girder of 386 feet span and a load of 
1 ton, weighs, at 5 tons strain in tension, 0*357 ton 
per running foot, therefore 

Two girders - - - = 0*714 tons. 
Roadway .... = 0*2 " 

Total weight - - 1*914 tons : 

i.e. a skeleton-girder bridge will weigh only one-third 
of the bridge over the Weichsel. 

By taking the same strain of material (4*34 tons), 
the weight of one skeleton-girder will be 0*454 ton, • 

Two girders - - - - 0*908 tons. * 
Roadway 0*2 

Total weight - - 1*108 tons 
being only 21 part of this executed bridge. 
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TRUSS AND BEAM BRIDGES. 



As regards the remaining structures illustrated in the 
annexed plates, I shall firstly mention that the same 
calculation can be used for the trussed bridges (Pig. 
2, Plate I., and Pig. 5, Plate II.) as for the suspended, 
only the signs of the strains will be reversed, as the 
system itself is reversed. The same diagrams, as 
shown Plate IV., therefore, obtain for the distribution 
of forces in a corresponding trussed bridge, under the 
following suppositions : — In Pig. 15 the load acts in a 
contrary direction, and, according to this, we have in 
a trussed bridge tension and compression, where in a 
suspended one compression and tension act respect- 
ively (see page 57). The red lines signify, therefore, 
tension, and the black ones compression. Pig, 16 is 
correct both for a trussed and suspended bridge ; and 
Fig. 17, by reversing the symbol of the colors, repre- 
sents a combination of the action of load and decrease 
in temperature of 30° Centigrade. 

In reference to the weights of trussed bridges I will 
add, that the same are not much heavier than sus- 
pended ones ; because, as the strains are the same in 
absolute value, such a structure can only become 
heavier by the increased number of struts. Pig. 15 
shows, however, that for a uniformly distributed load 
the number of struts is not very much greater than 
the number of ties. 

For beam bridges (Figs. 7 and 8, Plate III.) the 
calculation is far simpler than for the suspended, 
which have been examined previously. First, there, is 
here nowhere a superfluous rod ; and, further, as the 
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girder is only fixed at the one end, and rests freely at 
the other, no more points are fixed than absolutely 
necessary for fixing the girder. The calculation, there- 
fore, will be carried on, as shown on pages 27, 28 ; and 
there is no necessity to express the strains by the dis- 
placings of the connection-points, which was the case 
in the suspended bridges. Further, it is possible at 
these bridges to ascertain the forces geometrically, by 
using the parallelogram of forces, but only so for as 
we want the strains. If it is, however, required to 
calculate the deflection — and this is necessary to obtain 
a measure of the rigidity — then we are bound to ex- 
press the strains by the displacings of the connection- 
pointe, and to find the formulae from the displacings, 
just as we did with the suspended bridges. Besides 
this, the calculation will be greatly simplified, as the 
extension by heat is not resisted within the structure, 
and the calculation of the action of heat is, therefore, 
no longer necessary. 

I consider, first, the beam (Fig. 7, Hate III.). The 
arrangement of struts and ties is here different* from 
the usual way, as these are not two parallel systems, 
but are tending to two points. By this, we gain the 
advantage, that the bars which are only exposed to 
compression are the shortest.* It will be seen that the 
bars of the greatest compression are formingthe greatest 
angle, and are therefore the shortest. The bars of 
greatest compression are near the abutments. Toward 
the centre, as in all similar constructions— 7for example, 



* In Pig. 7 the beam is drawn by mistake upside down, so that the top 
ought to be the bottom. 
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in Warren girders — the compressive forces are de- 
creasing, and near the centre the bars have to resist 
tension and compression alternately, whenever a train 
is passing. Corresponding to this, th« bars in the 
centre are symmetrical, and towards the abutments 
the bars, which have to resist more and more com- 
pression, are becoming proportionally shorter; whilst 
by this, the ties become likewise proportionally longer. 
For the weights of these girders I give the follow- 
ing table ; the figures are ascertained from the medium 
weight of several girders which have been particu- 
larly examined, and are then calculated for various 
spans. (See Appendix) 

Table IX. 

Containing the weight in Tons of On* Girder, like Fig. 7, 
which can carry, besides its own weight, one Ton per 
running Foot. 



T 


95 


60 


75 


100 


150 


200 


250 


800 


950 


400 


500 


5 


109 


4-5 


10-7 


20 


50 


100 


178 


300 


490. 


800 


2500 


6 


0-90 


3-7 


8-7 


16 


40 


07 


133 


214 


331 


500 


1186 


7 


0-77 


3*2 


7-4 


14 


83 


08 


106 


167 


250 


304 


735 


8 


0-67 


2*6 


6-4 


12 


20 


53 


88 


136 


203 


285 


544 


9 


0*59 


24 


5-6 


10-2 


24 


45 


75 


115 


168 


235 


431 


10 


0-53 


2-2 


50 


9 1 


21 


40 


66 


100 


144 


200 


357 


11 


0-48 


2-0 


4-5 


8-2 


19 


36 


58 


88 


126 


174 


305 


12 


0*44 


1-8 


41 


7-5 


17 


32 


52 


79 


112 


154 


266 



This table corresponds to Table V., and according to 
what has been said about this' one, it will not be diffi- 
cult to calculate the tables corresponding to Tables 
VI. and VII. 



,\ 
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Further, the following Table X. ,is completely analo- 
gous to Table VIII. : 



Table X, 

Containing for different materials the Spans at which a 
Girder, like Mg. 7, is completely loaded by its own 



T 


Theoretical Limit 
of Span. 


5 


600 


6 


720 


7 


840 


8 


960 


9 


1080 


10 


1200 


11 


1320 


12 


1440 



The amount of deflection in these bridges depends 
chiefly on the height of the girder. The weight of 
the girder, however, alters only slightly by taking the 
heights between •& and i of the span, because at a 
greater height the bracing, indeed, gets longer ; but 
the strains in the top and bottom member decrease 
remarkably. 

By making, however, the height of the girder 
greater or smaller than this, the weight will, in both 
cases, increase considerably. The suitable height de- 
pends, therefore, within the given limits only on the 
deflection. 
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For iron girders, I found the deflections : — 

For a height of $ of the span = 0*00076 L 

tV " = 000090 L 

11 tSt " = 0-00110 L, 

where L represents the span. 

By taking, therefore, as is not objectionable in prac- 
tice, the deflection = -nnnr of the span, we find that 
at a height of tV of the span, the girder is sufficiently 
rigid ; at a less height, the deflection will be too great. 
The weights in Table IX. are calculated for a height 
= -Ar of the span. 

For material of greater admissible strain we are of 
course obliged to increase the height without obtaining, 
as mentioned, a much greater weight of the girder. 

Fig. 8, Plate III., shows another beam. The top 
members form part of a parabolic curve, which might 
be substituted by part of a circle, and the bottom 
members form a straight line, as is the case in Fox 
and Henderson's girders. In all such parabolic gird- 
ers the bracing has but little to resist, and is therefore 
arranged as it seemed to be most suitable and simple 
for practice ; and this I consider will be in making 
the single members in the top of equal length. I 
have therefore divided top and bottom into equal 
parts, so that the top has one bar more than the bot- 
tom. By this, the position of the bracing is com- 
pletely fixed. 

From these beams I have examined one, where I 
have taken the height = A of the span. According 
to this calculation, I have composed the following, table 
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of the weights, which shows that this beam is a little 
lighter than the previous one : 

Table XI. 
Containing the weights in Tons of One Girder, like Fig. 8, 
which can carry, besides Us own weight, one Ton per 
running Foot 



T 
6 


25 


50 


75 


100 


150 200 


250 


300 


350 


400 


500 


1-00 


41 


9-7 


18 


49 


87 


162 


250 


395 


615 


1662 


6 


0-81 


34 


78 


15 


36 


68 


116 


183 


277 


408 


856 


7 


0-70 


2-8 


6-6 


12 


29 


56 


93 


172 


213 


305 


589 


8 


0-61 


25 


57 


10-5 


25 


47 


78 


118 


173 


244 


450 


9 


0-64 


2-2 


5-1 


9-2 


22 


41 


67 


101 


146 


203 


363 


10 


0-50 


20 


4-7 


8-2 


19 


86 


58 


88 


126 


174 


347 


11 


0-33 


1-8 


41 


74 


17 


32 


62 


78 


121 


152 


268 


12 


040 


1-6 


3-7 


6-7 


16 


29 


49 


70 


99 


135 


231 



This table corresponds to Table X., and the following 
one to Table VIII. 

Table XII. 

Containing for different materials the Spans at which a 
Girder, like Fig. 8, is completely loaded by its own 
weight. 



T 

5 


Theoretical Limit 
of Span. 

660 


6 


792 


7 


924 


8 


1056 


9 


1188. 


10 


• 1320 


11 


1452 


11 


1584 
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Were we to examine the weight of these girders at 
different heights, we should obtain pretty near the 
same results as have been obtained in the previous 
ones; at any rate, the same would be but slightly 
increased, when the height is increased to £ or i of 
the span ; whilst also in this case the deflection in- 
creases naturally as the height increases ; and reversely 
decreases as the height increases. For the calculated 
girder, I found at a height = tu of the span, a de- 
flection ="*= 0*000.93 times the span, when the girder 
was completely loaded — i.e. uniformly loaded, so far as 
admissible without exceeding the strain of 5 tons per 
square inch. 

Which shapes for such open girders are the most 
economical ? is a question which theory will have to 
decide ; and whatever shape may be found to be the 
most economical, no difficulties can arise in making 
them, as it will be seen clearly skeleton structures can 
be carried out in any shape. 



As regards the different materials, which are sup- 
posed in the tables, I shall again remind you that all 
these tables show how very advantageous it is to adopt 
superior material. 

The material is represented in the tables by the 
number T, which indicates how great a strain in tons 
the same can carry with safety. The different values 
of T, which were taken from 5 to 12 tons, represent 
either different material — iron or steel — or they repre- 
sent to a certain degree the same material, as far as 
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this is more or less well made and carefully selected. 
Thus, for example, good iron carries with safety far 
more than 5 tons, as the limit of elasticity is not 
reached before 8 or 10 tons. But as an iron rod, when 
it leaves the factory, can never be considered to be 
without faults or weak points, it is generally exposed 
to a strain of 5 tons at the utmost, and under these 
circumstances it would not be advisable to apply a 
greater strain. 

If, however, every piece, before using, is submitted 
to a careful examination, and all the pieces are cast 
out which by this testing are found to be faulty, we 
can afterwards admit a higher strain without having 
less security than by using untested material. 

The tables show clearly that the expenses of such a 
particular testing are well covered— at least in large 
structures, where the dead, weight, in proportion to 
the casual load, is considerable. 
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Let G be the weight of a girder, JK\the weight which 
it can carry, besides its own weight, at a uniform load 
— without exceeding the greatest admissible strain of 
material — then suppose P is the total load, including 
the dead weight, i. e., 

G = G + K 

A simple consideration shows, and the equations for 
the strain prove, that the following two points are 
correct for Skeleton Structures : 

Firstly : The strain in any bar of a skeleton girder, 
as long as the mode of distribution is the same, is in 
proportion to the load P, -whether this is uniformly 
distributed or not. Secondly : This strain is reversely 
proportional to the section of the bar. 

By making, therefore, all sections in a skeleton 
girder m times as strong, all the strains will only be 
the mth part as before ; but by making also P m times 
as great, the strains will also be m times more — i. e. 
equal to their original value. The dead weight G, 
increases by this in the same proportion as the sections, 
i. e. G increases with P by m times its value. 

As now, 

P=G + K, 
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K must also increase at the same time as P and G, 
i. e. : If in a skeleton girder the load K increases, all 
sections, as well as the weight G, increase in the same 
proportion if the strain in all rods is to remain the 
same. 

By this it is easy to ascertain the weight G' of a 
girder which is to carry the load K\ if we know the 
weight G of a girder of the same construction carrying 
the load K. 

It is, G* : G = K' : K } 

G"=§U. (1) 

We need, therefore, only determine the construc- 
tions and weight of a girder for one load, in order to 
find directly the same for any other one. 

In the same manner we can proceed when we want 
another strain in the rods, i. e. when we want to em- 
ploy other material. The sections will be altered 
until the desired strain is received, whilst P remains 
unchanged, so that K increases as much as G decreases. 
Thus we find by formula (1), the weight G for a 
given K' . 

It remains, therefore, now to solve the second 
question — How does the weight of a girder change 
when its length is changed, and the construction 
remains the same ? . 

For this purpose we will use the following symbols : 

L Length of a girder, 

a Unit of length of a rod, 

q Sectional area of a rod ; 
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the other significations remain the same as before. 
For a second girder, geometrically similar to the first, 
the same letters with a stroke (as shown above) will 
be used. 

In altering, therefore, a into a\ and L into L\ we 
have at the same time 

a ■» na, and L' « » L. 

In the same proportion we will alter the section q 
into q' } then it is 

q - n q. 

It now becomes the question, how must P be 
altered that the strains may remain unchanged ? 
The strain in a rod depends on the section q and 

P 

on the load P of the girder : it is proportional to — 

and depends on the length only so far as Q changes 
with it, and consequently also P. Shall, therefore, 

p 
the strain remain the same, — must be unaltered, or, 

9. 

P< _ P 

which is only the case when also 

P' = nP. 

The dead weight O is proportional to the unit of 
length a and to the unit of section q 1 therefore to q a, 
and consequently from the above 

& = n* a. 
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Prom all this it follows : 

If without altering the geometrical figure of a 
girder — the length of the same, all the cross sections, 
and the whole load, including its dead weight which 
it can carry, be multiplied by n, the strain in all the 
bars remains unaltered/whilst the weight of the girder 
becomes n* times as great. 

Assuming now we had for a girder fixed by cal- 
culation the values L", G", and P", and suppose we 
want to find the same for another girder geometrically 
similar to this ,one, and of the length L = n L", we 
find after multiplying P also by n 







L — nL", 






P=nP", 






G - n'G", 


therefore 




P P> 


• 




G n G"' 


Now is, as 


followe 


i by the significations 
P = G + K, 


therefore 




G~ + G' 



(2) 



further L - n L", or - = ^L, 

n L 



therefore 



P" P" L 

n G" ~ G' L" ' 



• • ••• 



• Ami* 
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So that (2) becomes 

, , K P" L" 
l + V = &'T' 

P" 

and if we put -=^ L" = A> 

it becomes 1 + -- = -=, 

from which we finally get 

a- LK 

a ~T=L (3) 

This formula' gives us. in a very simple manner the 
weight of a girder of the length L, which has to carry 
the uniformly distributed load K. The only unknown 
va}ue in it is a, and this we cai* determine as soon as 
we have found by calculation or trial the weight G" 
of a girder geometrically similar and of the length 
L", i.e. that weight which the girder requires to carry, 
exclusive of its own weight, the uniformly distributed 
load JR. It is : 

From formula (3) follows that G becomes » when 
L = A. The value A is therefore the length at which 
the girder can only carry its own weight without the 
platform and load, because its weight becomes infi- 
nitely large as soon as the load iT is in value above 
nought. If, however, K is = 0, we find the corre- 
sponding value of G under the form -, which contains 
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any number, so that the girder, no matter how strong 
we may assume the unit of section, can always carry 
its own weight. The material would, however, be ex- 
posed to the same strain as was assumed to be admis- 
sible in the first calculation. 

In putting K= Lk, 

where h signifies the load for the unit of length, our 
formula gives for the whole weight of one girder 

. A~Z' 

G 

and for the weight g = _ per running foot. 

L 
Lk 



A-r 



The value of A depends only .on the greatest admis- 
sible strain, i.e. this value depends only on the mate- 
rial and the geometrical form of the girder. 

In Tables VIII., X., and XII., therefore, .these num- 
bers are represented as the spans at which the girder 
can just carry its own weight. 



THE END. 
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